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ABSTRACT
Adaptive and smart systems are growing in popularity as we shift toward personal-
ization as a culture. With progressive demands on energy efficiency, it is increasingly
important to focus on the utilization of energy in a novel way. This thesis investi-
gates a microelectromechanical system (MEMS) mirror with the express intent to
provide flexibility in solid state lighting (SSL). By coupling the micromirror to an
optical source, the reflected light may be reshaped and directed so as to optimize the
overall illumination profile. In addition, the light may be redirected in order to pro-
vide improved signal strength in visible light communications (VLC) with negligible
impact on energy demands.
With flexibility and full analog control in mind, the design of a fully integrated
tip-tilt-piston micromirror with an additional variable focus degree of freedom is
outlined. Electrothermal actuators are used to both steer the light and tune the focal
length. A detailed discussion of the underlying physics behind composite beams and
thermal actuators is addressed. This leads directly into an overview of the two main
vii
mirror components, namely the segmented mirror and the deflection actuators.
An in-depth characterization of the dynamics of the mirror is discussed including
the linearity of the thermal response. Frequency domain analysis of such a system
provides insight into tunable mechanical properties such as the resonant frequency
and quality factor. The degenerate resonant modes can be separated significantly.
It is shown that the frequency response may be tuned by straining specific actuators
and that it follows a predictable pattern. As a result, the system can be scanned at
increasingly large angles. In other words, coupled mechanical modes allow variable
damping and amplification. A means to determine the level of coupling is examined
and the mode shape variations are tracked as a function of the tuning parameters.
Finally, the applications of such a device are explored and tested. Such applica-
tions include reliable signal-to-noise ratio (SNR) enhancements in VLC of 30 dB and
color tunable steerable lights using laser diodes. A brief discussion of the implica-
tions of dynamic illumination and tunable systems is juxtaposed with an explanation
behind the integration of an electrothermal micromirror and an all digital driver.
viii
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Chapter 1
Introduction
1.1 Optical MEMS
Microelectromechanical systems (MEMS) are used for beam deflection and shaping
in a wide range of applications. They are utilized in range finders, optical coher-
ence tomography (OCT) [1, 2], as well as in many other processes such as confocal
microscopy, Fourier transform spectroscopy [3] and in optical cross connects [4] for
communication hubs. Varifocal micromirrors have been shown to improve lateral
resolution of an image without reducing the depth of focus [5, 6]. Both scanning and
varifocal micromirrors have been combined in a single system to add flexibility to
optical sensing systems [7]. Commercially available deformable mirrors that employ
MEMS as their backbone are now a common method of reducing astigmatisms and
other aberrations, increasing the resolution [8].
In more recent research, micromirrors capable of dynamic focus as well as 2D
scanning have been fully integrated [9]. Such devices rely on electrostatic actuation
for both focus and beam deflection. This method results in negligible power con-
sumption for mechanical deflections on the order of ±5o and a dynamic focus range
from infinity to −25 mm. In contrast to electrostatic devices, mirrors which use elec-
trothermal actuation allow for large deflection range in 1D MEMS [10], and higher
2Figure 1.1: Colorized scanning electron microscope (SEM) image of
an 800 µm diameter mirror design.
3dimensional microsystems [11, 12, 13, 14]. Refractive systems using liquid crystals
can also obtain very large steering angles but also require ∼100 V to operate [15].
Electrothermal bimorph membranes have been used for current controlled tunable
focus with a 2−3 mm focal range [16].
1.2 Electrothermal MEMS
Thermal actuators rely on the material properties of the thin films of which they
are composed. Two general types exist in the MEMS community; they are hot/cold
arm actuators [17, 18, 19] and bi(multi)-metallic or bi(multi)-morph systems [11].
Hot/cold arm actuators are useful for in-plane displacements as the motion is typi-
cally constrained to the horizontal plane.
In contrast, electrothermal bimorph actuators are well known in the MEMS com-
munity as sources of exceptional vertical deflection ranges. Typically, these actuators
are labeled bimetallic when the composition is entirely metallic. The PolyMUMPs
process includes a metal layer (Au) and two mechanical polysilicon layers. This type
of multi-layered system is then referred to as a bimorph. In actuality, a chromium ad-
hesion layer is also present but is typically ignored when approximating or simulating
an actuator range or sensor sensitivity.
The key advantages to using electrothermal bimorphs are the large deflection
range and low voltage requirements. When compared to other actuation techniques,
the bimorph is inherently slow because of the nature of thermal systems. Capactive
MEMS can be fully actuated in tens of microseconds but optical, capacitive MEMS
often require greater than 100 V to obtain deflection angles far less than is obtainable
with a thermal system. On the other hand, stability is significantly heightened in a
capacitive or magnetically driven MEMS device because of self-annealing issues in
4thermal MEMS [20].
1.3 MEMS in Optical and Communication Systems
Optical MEMS gained momentum within the communications industry in the late
1990’s. The growth of MEMS in optical communications is largely due to their
scalability [21] and due to switching speeds often on the order of microseconds [22].
They have been used as wavelength demultiplexers [23], in large cross connects [4].
More recently, integrated processes are enabling the fabrication of optical waveguides
alongside MEMS with the intent to use MEMS to actively modify the photonic
properties [24].
The focus of this thesis is on an integrated system that can be used in optical
systems outside of the traditional communications hub. Solid state lighting (SSL) is
forming a new frontier for user controlled and adaptive illumination. The birth of the
light emitting diode (LED) in 1927 by Oleg Lossev [25] was followed by nearly seventy
years of quiet or stagnant development. Despite the initial lackluster path of LED
research, a burst of excitement enveloped the lighting industry upon the first high-
brightness blue LED demonstration by Shuji Nakamura in 1994 [26]. Recent advances
in the SSL industry provide a means for ubiquitous illumination integrated with
visible light communications [27, 28]. By developing a large deflection and low power
MEMS device, MEMS can be introduced into existing SSL and communications
architectures. Improvements in adaptability and enhanced signal quality for visible
light communications are realized with a relatively inexpensive additive component
in already energy efficient lighting systems.
51.4 Overview of Thesis
This thesis focuses on a fully integrated dynamic micromirror. The mirror uses
electrothermal actuators to enable three spatial degrees of freedom in addition to
providing a means for a highly tunable focal length. The device and dynamic prop-
erties are described in detail followed by a chapter on possible enhanced signal quality
in visible light communications.
Chapter 2 is a detailed description of the theory behind bimorph actuators. Theo-
retical deflections due to initial fabrication and processing techniques is compared to
results obtained by finite element method simulations. Finally, a bimorph actuator
with two possible heating conditions is tested and compared to the theory.
Chapter 3 is an extension of Chapter 2 whereby the bimorph actuators tested and
simulated are used to form a micromirror. The same actuation technique is shown
to work in tuning the focal length of a segmented membrane. The operation of an
integrated micromirror is tested considering the repeatibility, tunable parameters
through processing and overall design, and how well the two main components can
be separately actuated.
Chapter 4 leads into the time dependence of electrothermal actuators. The theory
behind electrothermal MEMS and actuation techniques is introduced. The device
is tested using a standard vibration reduction control technique and the response is
shown to be limited by a fluctuating resonant response.
Chapter 5 dives into the shift in frequency response that was discovered in Chap-
ter 4. It is shown that the thermal response acts as a filter but a zero in the transfer
function is required to fully model the mechanical response. The frequency measure-
ments are fitted to a standard Lorentzian model and it is shown that the resonant
frequencies shift significantly depending on the overall strain in certain components.
6A shift in the direction occurs in Chapter 6 as the applications for this device
are explored. The received signal for a laser based visible light communications
transmitter is shown to improve by 30 dB with a diffusive element and up to 77 dB
when the optical power is measured directly.
Chapter 2
Electrothermal Actuation
This chapter will cover the introduction of electrothermal actuation. Secondary
to the introduction, a preliminary discussion on beam theory will follow into the
principles of bimetallic (or bimorph) actuation. Qualitatively similar results are
shown for finite element method (FEM) simulations and an analytical solution to
the deformation of an electrothermal bimorph due to various actuation techniques.
2.1 Deflection of Thermal Bimorphs
Deposition processes require specific targeted parameters such as pressure and sub-
strate temperature. These targets are customized to reduce impurities, eliminate
residual stresses, reduce stiction, or may be tailored for specific design scenarios [29].
In fact, most processing facilities attempt to eliminate residual stresses to ensure
uniform structures sought after in the majority of commercial MEMS such as gy-
roscopes and accelerometers where uniformity plays a crucial role in performance.
However, electrothermal actuators often rely on thin film processing techniques that
cause planar residual stresses as a mechanism for enhancing initial displacements.
Bent beam actuators [30] and hot/cold arm systems [19] are thermal MEMS
designed to provide in plane motion. Although, bent beam actuators have been
designed for simultaneous vertical and horizontal motion [31]. For the purposes of
8this thesis, discussion will be limited to out of plane actuation and bi-layer thin film
actuators.
The residual stresses support the introduction of vertical actuators at a very
fundamental level. As will be covered in this section, vertical thermal actuators
using composite beams provide significant mechanical freedom.
2.1.1 Euler-Bernoulli Beam Theory
Analytical models exist which describe the static deflection in stand-alone bimorph
structures well. Euler-Bernoulli beam theory accurately accounts for the continuous
bending moments due to residual stresses in thin film beams. An extension of the
fundamental theory yields a representation for both single and multi-morph beam
structures. To comprehend the statics of a bimorph actuator, we must first describe
the singular beam in terms of physical constants.
A singular beam, as shown in Figure 2.1, can be characterized as narrow if the
width is less than five times the thickness, (w ≤ 5t). The devices within this thesis
require wide bimorph actuators but later include springs which may be characterized
as narrow. In either case, the Young’s Modulus of either type can be described by
an effective modulus E˜ given as either E˜ = E when w ≤ 5t or E˜ = E
1−ν2 [32] when
w > 5t where ν is the Poisson’s ratio.
A beam subject to a distributed load, q(x), will come into equilibrium by balanc-
ing the load with a series of bending moments, ~M , axial forces, ~N , and shear forces,
~V . When modeled as a set of infinitesimal beams, each individual section is subject
to a zero net force and zero net moment while in equilibrium. In most cases, the
force and moment equations are solved assuming only deflections in which the small
angle approximation is valid.
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Figure 2.1: Diagram of cantilever beam and dimensions.
Bimorph deflections are often quantified by measuring the radius of curvature of a
beam. Consequently, it is convenient to note the moment-curvature relationship and
its dependence on both physical parameters and measurable deflections. A uniform
bending moment about the z-axis of the cantilever in Figure 2.1 will result in a strain
proportional to the vertical deflection,
εx(y) = −y
ρ
(2.1)
The bending moment as a function of the position along the beam is manifested
by substituting Equation (2.1) into the moment equation, M = − ∫
A
yσxdA. A
combination of linear elasticity and assuming the stresses along MEMS structures are
plane stresses, the stress-strain relationship can be written as σx = E˜εx. Plugging
σx into the moment equation and using the definition of the moment of inertia,
I =
∫
A
y2dA simplifies it to the form
M = E˜I
d2y
dx2
(2.2)
where d
2y
dx2
, has been included as a substitute for the curvature, κ ≡ 1
ρ
.
Upon balancing the force and moment equations and taking the limit as the num-
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ber of segments along the beam approaches infinity, a differential equation emerges.
The deflection along the length is given by solving
E˜I
d4y
dx4
−N d
2y
dx2
= q (2.3)
If neither residual stresses nor large deflections are observed, N → 0 and Equa-
tion (2.3) is known as the Euler-Bernoulli beam equation. However, in thermal
bimorph systems the residual stresses are rarely negligible. In fact, quite often the
deflections are large enough to require the inclusion of geometric nonlinearity.
2.1.2 Composite Beams
The product of the first two terms in Equation (2.2) is often referred to as the flexural
rigidity of a beam. This particular definition is useful for composite beams where
two or more materials define the effective flexural rigidity. A composite beam, such
as the cantilever shown in Figure 2.2, has an effective flexural rigidity given by:
(
E˜I
)
eff
=
∫
A
E˜y2dA (2.4)
where the integrated area covers both the upper and lower beams.
The dimensions of the beam in Figure 2.2 for the two materials do not need to be
equal as they are drawn. On the contrary, the maximum deflection of a composite
beam can be significantly improved by optimizing the layer thicknesses [33]. As will
be shown in the following sections, the relative widths plays a vital role in both the
initial deflection and during actuation when joule heating is the primary source of
stress.
The effective flexural rigidity can be determined for composite beams with any
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Figure 2.2: Diagram of a composite cantilever beam and dimensions.
number of layers by summing the flexural rigidity of each layer
(
E˜I
)
eff
=
∑
i
E˜iIni
=
∑
i
E˜i
[
I0i + Ai (y0i − yn)2
]
(2.5)
where E˜i is the i
th effective modulus, Ai is the i
th cross sectional area, Ini is the
moment of inertia of the ith layer about the composite neutral axis, yn. Along
y = yn, the net normal stress along the x-axis is zero. For the purposes of this thesis,
we can assume each layer is rectangular leading to the halfway point of a standalone
beam defined as the neutral axis, y0i. Then I0i is the moment of inertia around its
own neutral axis, y0i and is given as I0i =
wit
3
i
12
. While the composite neutral axis is
given as
yn =
∑
i E˜iAiy0i∑
i E˜iAi
(2.6)
Following the derivation by Ki Bang Lee [34], a bimorph cantilever can be char-
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acterized using dimensionless parameters defined as
p =
t1
t2
, q =
w1
w2
, r =
E˜1
E˜2
(2.7)
Calculation of the position of the composite neutral axis in terms of the dimensionless
parameters yields
yn =
t2 (1 + pqr (p+ 2))
2 (pqr + 1)
(2.8)
By plugging Equation (2.8) into Equation (2.5), the resulting effective flexural rigid-
ity can be written
(
E˜I
)
eff
= E˜2I02
(1 + pqr) (1 + p3qr) + 3pqr (1 + p)2
1 + pqr
(2.9)
The axial forces, F1 and F2, provided by stresses in the individual layers prior to
their combination are also shown in Figure 2.2. The resulting effective moment can
be derived by balancing the force and moment equations
Meff =
6E˜2I02
t2
pqr (p+ 1)
pqr + 1
(ε2 − ε1) (2.10)
Then by combining Equations (2.10), (2.5), and (2.2), the deflection can be found
by solving the partial differential equation
d2y
dx2
=
1
ρ
=
2 (ε2 − ε1)
t1 + t2
[
1 +
pqr + 1
3 (p+ 1)2
(
p2 +
1
pqr
)]−1
(2.11)
2.1.3 Thermal Stress
Expansion of a singular beam due to a uniform temperature change is proportional
to the material’s coefficient of thermal expansion (CTE). While the expansion is
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isotropic for uniform temperature, the stress along a fixed-fixed beam can be ex-
pressed as σT = −E˜α(T − T0), where α is the CTE, T is the temperature and T0 is
the initial temperature. The active deflection from equilibrium of a bimorph actuator
is a result of a mismatch in the CTE of the two materials. A change in temperature
provides a uniform bending moment in a composite beam proportional to the differ-
ence between the strain in each layer. For a bimorph actuator that has undergone
a constant temperature shift, the bending moment divided by the flexural rigidity
(Equation (2.11)) is written as
d2y
dx2
=
1
ρ
=
2 (α2 − α1) (T − T0)
t1 + t2
[
1 +
pqr + 1
3 (p+ 1)2
(
p2 +
1
pqr
)]−1
(2.12)
2.1.4 PolyMUMPs Bimorphs
Residual stresses in PolyMUMPs thin films are documented by MEMSCAP for each
run [35]. The gold layer typically exhibits residual tensile stress values between 10 and
25 MPa. The compressive stress in the polysilicon layer deposited directly onto the
silicon nitride (Poly 0) varies significantly between −10 and −60 MPa. Regardless of
the variation, the process always results in lesser stress in the mechanical polysilicon
layers (Poly 1 and Poly 2) than in the Poly 0 film. These are historically valued
between −1 and −15 MPa and are also compressive in nature. Residual stress in
the chromium adhesion layer is not measured directly but can be calculated from
deformations of composite polysilicon and metal structures [36].
An artifact of the tensile residual stress of the gold layer and compressive na-
ture of the stresses in the mechanical polysilicon layers is consistent deformation of
structures composed of gold and polysilicon. The residual stress prior to etching any
sacrificial oxide (releasing the structure) and the resulting deformation after release
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(a) (b)
Figure 2.3: A diagram of a gold and polysilicon thin film composite
beam showing (a) residual stresses in the film layers and (b) the de-
formation after etching the sacrificial oxide. The gray section is not a
physical layer in the PolyMUMPs process and is meant as a graphical
placeholder to depict a clamped end.
are illustrated in Figure 2.3. Unlike polysilicon, stress in the gold layer is highly
tunable by low temperature annealing before or after the oxide wet etch. In fact, the
PolyMUMPs process includes an annealing procedure prior to the gold deposition
step to relieve residual stresses in the polysilicon films. It is a dual purpose anneal
in Argon at 1050°C for 1 hour immediately following each low pressure chemical
vapor deposition (LPCVD) of phosphosilicate glass (PSG). The phosphorus within
the PSG acts as an effective dopant during the annealing procedure providing sig-
nificantly higher conductivities in the polysilicon layers.
A low temperature anneal of a gold on polysilicon structure can provide signifi-
cant mechanical freedom. The relatively large CTE of gold (14× 10−6 K−1) allows a
designer to anneal at a temperature of 175°C (much less than the required temper-
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ature to significantly reduce the residual stress within any of the polysilicon layers
(CTE: 3× 10−6 K−1). Even at 175°C in Argon, in less than five minutes the residual
stresses in the gold climb to hundreds of MPa from tens of MPa. As a result, vertical
deformation can be enhanced and tuned to provide the initial strain required for the
user. However, the maximum tuning temperature is governed by diffusion between
the gold and polysilicon films. More on this will be covered in Section 3.3.2.
2.1.5 Current Controlled Bimorphs
In many cases, MEMS thermal actuators are controlled using joule heating. The
steady-state heat equation governing joule heating in MEMS is given by Poisson’s
equation
kT∇2T + Q˙ = 0 (2.13)
where kT is the thermal conductivity of the MEMS material and Q˙ is the heat
generated per unit volume. In the case of a long, thin beam, the equation can be
approximated to include only one dimension where the temperature is approximately
constant along the short dimensions. The heat equation also does not include loss
terms due to convection or radiation. Heat dissipation due to convection can be
ignored when the air gap between the MEMS and substrate are much larger than
the thickness of the MEMS films. There are exceptions to this rule that will be noted
in Chapter 3 but require thermal isolation of the element. Radiation losses become
significant only when the temperature rises beyond 1000°C [19].
Poisson’s equation in one dimension can be simplified to
d2T
dx2
= − Q˙
kTA
(2.14)
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where A is the cross-sectional area of the beam. If the beam is a fixed-free beam as
the one depicted in Figure 2.1 and the temperature at the fixed end is T0 while the
temperature at the free end is Tl, the temperature along the cantilever can be solved
for. The solution to Equation (2.14) is
T (x) =
Q˙l2
2kTA
[
2x
l
−
(x
l
)2]
+ T0 (2.15)
based on the condition that the right end is an effective insulator (no heat transfer
via convection). We can expand this to a U-beam as shown in Figure 2.4. If we
assume the heat is generated via joule heating and thus can be approximated by
the electrical power dissipated per unit length, we have Q˙ = V
2
R(2l)
or Q˙ = i
2R
2l
. The
terminals for the voltage bias or current input would be at each end of the beam
shown toward the bottom of Figure 2.4(a). The length, l, of the bimorph as noted
in this thesis is the length up to the first point of curvature along the beam. warc is
consistently 20 µm. Likewise, the length, l, is typically 600 µm, 660 µm, or 900 µm.
The variations and their implications will be explained in more detail in Chapter 3.
Given the existence of an initial curvature due to residual stresses, κ0 and Equa-
tions (2.12) and (2.15) a solution can be found for the beam shape. The overall
curvature is a linear superposition of the initial curvature due to residual stresses
The boundary conditions of the beam require y(0) = 0 and dy
dx
= 0 at x = 0 leading
to a full form of y(x)
y(x) = κ0
x2
2
+
V 2 (α2 − α1)
24RlkT,effA (t1 + t2)
×
{[
1 +
pqr + 1
3 (p+ 1)2
(
p2 +
1
pqr
)]−1 (x
l
)3 (
4− x
l
)}
(2.16)
17
l
(600
µm)
(a) (b)
w Au
w Poly 2
w arc
l
Figure 2.4: Diagram of U-beam actuator with varying layer widths
and thicknesses.
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Property Gold Polysilicon
PolyMUMPs Layer Metal Poly 2
Thickness (t) 0.5 µm 1.5 µm
Width (w) 35 µm 40 µm
Young’s Modulus (E) 79 GPa 160 GPa
Poisson’s Ratio (ν) 0.44 0.22
Mass Density (ρ) 19300 kg/m3 2320 kg/m3
Electrical Conductivity (σe) 3.5×107 S/m 3.6×104 S/m
Thermal Conductivity (kT ) 317 W/(m·K) 34 W/(m·K)
Specific Heat Capacity (cp) 129 J/(kg·K) 678 J/(kg·K)
CTE (α) 14× 10−6 K−1 3× 10−6 K−1
TCR (αR) 3.72×10−3 °C−1 0.95×10−3 °C−1 [39]
Table 2.1: Most used physical parameters for the thermal bimorphs
described within this thesis.
where kT,eff is the average thermal conductivity:
kT,eff =
∑
i kT,iAi∑
iAi
(2.17)
In order to approximate the voltage dependent deflection after annealing to
175oC, the curvature of a given bimorph was measured immediately following the
procedure. The voltage and/or temperature curvature calculation was subsequently
based on the material properties outlined in the PolyMUMPs Handbook [37] and
in various other literature [38]. Table 2.1 includes the material properties used to
approximate the mechanical structures within this thesis.
The analytical equation for a bimorph deflection (2.16) is a fair approximation
for the overall shape of a PolyMUMPs bimorph. It is limited primarily because gold
has a positive temperature coefficient of resistance (TCR), αR, the resistance needs
to include a temperature dependence: R(T ) = R0 (1 + αR (T − T0)) where R0 is the
resistance at room temperature [40]. It is also limited in that it does not include
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Figure 2.5: The analytical solution to Equation (2.16) with an initial
curvature comparable to initial curvatures consistently measured.
nonlinear geometry in the original approximation. The analytical solution compiled
with the constants listed in Table 2.1 and normalized to the maximum deflection is
shown in Figure 2.5.
In most of the U-beam shape measurements following this section, a constant
current is delivered through the bimorph. A constant current is less complicated
when the typical resistance is less than 2.5 Ω but requires more finesse and supervision
at high electrical power. A voltage bias is somewhat self limiting regardless of the
thermal resistance because as the temperature of the actuator rises, the positive
TCR increases the overall resistance. Since for a voltage bias, the power dissipated
is Q˙ = V
2
R(2l)
, the increase in resistance drops the total electrical power. Whereas,
by holding a constant current over the actuator will lead to a runaway power as the
temperature grows in magnitude.
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2.2 Finite Element Method Simulations
Finite element method (FEM) simulations using COMSOL Multiphysics® show the
qualitative difference in curvature for a U-shaped bimorph at constant temperature
versus one controlled as a large embedded heater. It has been shown that the elec-
trothermal actuators described in this section will exhibit geometric nonlinearity [41],
we have included the nonlinearity in the FEM simulations to gain a qualitative under-
standing of the overall shape. More stringent FEM simulations have been performed
for electrothermal MEMS [42, 43] including nonlinear terms for the physics coupling
equations such as electrothermal and thermal-mechanical terms. In the FEM results
shown here, we did not include the thermal effects on the mechanical properties as the
inclusion of the geometric nonlinearity encompassed the majority of the qualitative
properties.
To begin the initial stresses in the gold and polysilicon layers were set equal to
the residual stress values given by MEMSCAP [37]. The values were iterated until
the maximum displacement of the simulated bimorph was approximately the same
as the displacement typically measured for a 600 µm long U-beam. Standard specs
for an actuator in this thesis are wAu = 35µm and wP−Si = 40µm using the labels
shown in Figure 2.4. The difference between the width of the gold layer and the
polysilicon layers are guided by the PolyMUMPs design rules in order to maximize
yield. All the mechanical constants were defined as those in Table 2.1.
Figure 2.6 was obtained using a planar tensile stress of 400 MPa in the gold layer
and compressive stress of -10 MPa in the polysilicon layer. Using this displacement
as the initial condition, the base temperature was swept to simulate the effect of a
uniform temperature shift. As would be expected, the result is a relatively uniform
curvature change for each temperature increase (Figure 2.7).
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µm
Figure 2.6: Three dimensional view of initial deformation of a 600 µm
long bimorph using COMSOL.
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Legend Units:
K
Figure 2.7: Displacement due to a uniform change in temperature
along a 600 µm long U-shaped beam.
As a comparison to the analytic solution depicted in Figure 2.5, a second study
was conducted. The FEM study again used the constraints found for the initial
deflection in Figure 2.6 but now with the ends of the beam held with a constant
potential difference. The temperature at each terminal was held at room temperature
(293 K). The simulation, however, did not include convection to air and can be
approximated as the dissipation in vacuum. Since the temperatures involved are
relatively low, transfer via radiation is also ignored.
The higher order (beyond quadratic) dependence of the vertical position y on
the position along the beam (x) becomes more apparent as the voltage is increased
from zero. Figure 2.8 shows that the bimorph tends to bend more toward the end
as the hottest point is always at the tip. A simulation of the temperature along the
beam depicts the relationship between the temperature and overall shape. Figure 2.9
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Legend Units:
V
Figure 2.8: Displacement due to a voltage bias at the base of a
600 µm long U-shaped beam.
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Legend Units:
V
Figure 2.9: Temperature due to a voltage bias at the base of a 600 µm
long U-shaped beam.
shows a drastic variation in temperature along the beam for the maximum voltage.
The difference in temperature at the tip from that at the base is as large as 250 K
at the maximum voltage shown here.
In reality, the maximum voltage along the bimorph would be closer to one which
would not show degradation in the actuator. The implication for very large tempera-
tures is an increasing resistance due to diffusion of the gold and polysilicon layers. If
the voltage along a bimorph is held constant, the current it draws begins to drop as
the temperature reaches the point of permanent deformation. For a system exactly
modeled as the one in Figure 2.9, the maximum allowable voltage would need to be
approximately 0.1 V to stay below 448 K (175°C). The discussion toward the end
of 2.2 provides insight as to why the maximum voltage will not necessarily provide
the temperature gradient depicted in 2.9 because the temperature along the beam
25
itself will depend on the position. At the tip (where it is the hottest), the resistance
will be greatest and will lead to a drop in the overall power dissipated at the end,
which will then be followed by a change in temperature.
2.3 U-Beam Bimorph with Serpentine Heater
A square version of the U-beam in Figure 2.4 was designed to test the dependence
of tip deflection on heat distribution within the bimorph. The square bimorph is
shown in Figure 2.10 with the dimensions in Table 2.2. The last column in Table 2.2
indicates variations of the dimensions throughout the thesis. This section, however,
includes only the value depicted in the center column.
Tip deflection during actuation of this particular design is dependent on the bias
terminal. Two options are available to heat the actuator. One option is to bias
the square U-beam terminal, VU , with respect to the Gnd terminal. By allowing the
terminal leading the serpentine heater at the tip, VS, to float, the majority of the heat
is generated by the square U-beam. A gap in the gold layer separates the VU and VS
terminals such that while the polysilicon layer is conductive, the majority of power
is dissipated in the gold which has a conductivity six orders of magnitude greater
than that of polysilicon. In contrast, allowing the U-beam terminal to float while
biasing the serpentine heater will generate a very different temperature distribution.
To define a comparison between the two actuation options, two constraints are
imposed. The first is that the measured bias is converted into dissipated electrical
power. In order to provide a means for direct comparison, the total amount of heat
(i.e. the total electrical power) needs to be used as a metric. In the subsequent plots,
the profile of the bimorph biasing first the VU terminal and then the VS terminal for
various measured electrical powers are shown. The measurements are all using a
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Figure 2.10: Test U-beam bimorph with two actuation options (U-
beam and Serpentine).
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Dimension Value Variations
l1 667 µm 660 µm, 600 µm, 900 µm
l2 702 µm Typically defined by warc (Figure 2.4)
l3 803 µm N/A
l4 96 µm N/A
wAu,1 35 µm Standard throughout
wAu,2 13.5 µm N/A
wAu,Serp 3.0 µm N/A
wgap 3.0 µm N/A
Table 2.2: Typical dimensions used for the thermal bimorphs de-
scribed within this thesis. N/A implies this particular design was used
only for the results shown in this section.
Zygo NewView 6300 optical profilometer leading to measurement errors that are
significantly less than the range depicted in the graphs. A line is drawn on each plot
at a horizontal position equal to 600 µm from the base. The measurement at this
value is then compared for the two actuation types.
A VU terminal bias provides deflection consistent with an initial constant cur-
vature followed by a non-uniform curvature at nonzero electrical powers. Since a
uniform temperature distribution yields constant curvature, d
2y
dx2
= κ, the good mea-
sure of the temperature distribution can be extrapolated from taking the derivative
of the measured beam profile. In other words, for a constant κ, dy
dx
should be per-
fectly linear in x. In which case, a measurement of the deflection, y(x), followed by
taking the derivative (i.e. determining the tangent angle), dy
dx
, gives insight into the
temperature distribution (the thermal stress along the beam). The beam profile and
its derivative are shown in Figures 2.11 (a) and (b) respectively.
The same analysis is performed by biasing the serpentine terminal and measuring
the power and displacement along the beam. The results are depicted in Figure 2.12
and show an extended range compared to those in Figure 2.11. Because the mea-
28
(a) (b)
Figure 2.11: Beam profile (a) and derivative (b) obtained by biasing
the U-beam and allowing the serpentine terminal pad to float. Current
distribution is indicated by the green path in Figure 2.10.
(a) (b)
Figure 2.12: Beam profile (a) and derivative (b) obtained by biasing
the serpentine path and allowing the inner U-beam terminal pad to
float. Current distribution is indicated by the yellow overall path in
Figure 2.10.
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Figure 2.13: Vertical displacement measured at x = 600 µm on the
horizontal axis for both U-beam and serpentine current paths. Each
value is subtracted from the initial to remove small variations in the
initial curvature due to self annealing.
sured dissipated powers vary slightly between the two actuation types, a comparison
at 600 µm along the beam for both the deflection and the tangent angle are shown in
Figures 2.13 and 2.14 respectively. The values shown are the difference in displace-
ment (or tangent angle) when compared to the value at room temperature.
Linear fits to both the change in deflection and the tangent angle measured at
x = 600µm are displayed to show the difference in the beam deflection on electrical
power for the two actuation schemes. Both the overall deflection and the tangent
angle are more receptive to heat generation at the tip than uniform generation with
a standard U-beam. In fact, the difference in displacement shows the relationship
between ∆y(x) and power can be enhanced by a 36% by using the serpentine heater.
30
Figure 2.14: Tangent angle measured at x = 600µm on the hori-
zontal axis for both U-beam and serpentine current paths. Each value
is subtracted from the initial to remove small variations due to self
annealing.
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The same improvement is seen in the change in tangent angle with respect to power.
However, as will be discussed in Chapter 3, there is a trade-off between the placement
of a heater and the integration of a variable focus mirror platform. The serpentine
heater may cause an extension of already undesirable coupling between the focal
range, tilt angle, and vertical displacement.
Chapter 3
Micromirror Design1
This chapter presents a micromirror design using electrothermal actuation for beam
steering along two axes, piston mode deflections and dynamic focusing four sep-
arately controllable degrees of freedom in a single device. The focal length can be
dynamically changed from −0.48 mm to +20.5 mm with 27 mW of power. Addition-
ally, it has an optical deflection range of ±40° along both lateral axes. Furthermore,
by actuating all of the bimorph legs simultaneously, the mirror can be actuated in
piston mode providing a fourth degree of freedom with a 300 µm maximum vertical
range.
The mirror is broken down into components discussed in more detail within each
section. The first section will elaborate on the design of a stationary varifocal mirror
and platform. The second will discuss the overall mirror design followed in the
next section by a discussion the performance of an integrated varifocal mirror. The
fourth section will concentrate on the actuators used in angular deflection (described
within this thesis as “legs”). The following section will focus on variations of the
major components and the implications of those changes. Finally, the last section will
discuss the efficiency at which the two components can be independently actuated.
1Portions of this chapter have been published in [44] or [45]
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Figure 3.1: Micromirror design iteration (a) SEM image and (b)
diagram of bimorphs and deflection.
3.1 Variable Focus Mirror and Heater Platform
As is the case in all scientific studies, the maturation of an idea is hardly linear.
The final mirror design includes a conglomeration of simpler designs inspired by
previous works. Indeed, the first varifocal design iteration consists of a gold on
polysilicon membrane segmented into eight wedge shaped bimorphs (Fla´vio Pardo,
private communication). The segmentation has changed only slightly based on mirror
size and intended use. The general working principle for composite beams can be
extrapolated for segmented wedges and is depicted in Figure 3.2.
3.1.1 Optical Characterization Techniques
The focal range for the stationary mirror in this section is continuous from −0.59 mm
and +2.5 mm (a curvature from −0.85 mm−1 to +0.2 mm−1). This is measured by
fitting the segmented portion of the mirror to a sphere in MetroPro; the software
provided with the Zygo NewView 6300 system. The radius of curvature is extracted
from the spherical fit to provide the focal length. The mirror is then fitted using
Zernike polynomials which are a standard mechanism to characterize optics. Zernike
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Figure 3.2: Segmented membrane actuation and qualitative contin-
uation from one-dimensional composite beams.
polynomials are a complete set of orthogonal basis functions on a unit circle [46].
They are represented as a function of the normalized radial distance from the center
of a circle, r, and the azimuthal angle, θ. Typically, the polynomials are written as
Zmn (r, θ) =
 R
m
n (r) · cos(mθ) m ≥ 0
Rmn (r) · sin(mθ) m < 0
(3.1)
where
Rmn (r) =
1
2
(n−m)∑
k=0
(−1)k (n− k) !
k!
(
1
2
(n+m)− k) ! (1
2
(n−m)− k) !rn−2k (3.2)
Orthogonality of the polynomials implies that any continuous circular surface
can be represented by a series of Zernike polynomials weighted by coefficients. A
wavefront may then be written as
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Φ =
∞∑
n=0
n∑
m=−n
amn Z
m
n (3.3)
where Φ is the wavefront under test and amn are the coefficients.
The coefficients can easily be extracted in the same manner as Fourier coefficient
calculation. Standard optical definitions are based on the Zernike coefficients includ-
ing vertical deflection, defocus, astigmatism, coma and spherical aberrations. The
magnitude and direction of the three used within this thesis to describe the mirror
shape are:
Spherical: δf = 6 · Z04
Astigmatism: δf = 2 ·
√(
Z−2 2
)2
+ (Z22)
2
Coma: δf = 3 ·
√(
Z−3 1
)2
+ (Z23)
1
(3.4)
Fortunately the MetroPro software is capable of numerically calculating the coeffi-
cients and the user may access all the calculations without the use of an additional
program.
The variable focus mirror (Figure 3.3) is centered on a stationary polysilicon
platform suspended 2 µm above an anchored polysilicon layer (Poly 0). There are
metal leads leading to a series of seven serpentine springs formed from the Poly 1
layer. The purpose of the serpentine spring array is first to reduce the cross sectional
area through which the induced current may flow (the yellow arrows in Figure 3.3(a))
and to relieve thermal stress upon heating the platform. The springs allow expansion
in the heater platform that would, with straight flexures, cause buckling. The data
depicting the buckling phenomenon is not shown but other iterations of this design
exhibited buckling in the heater plate during actuation.
The segmented bimorph wedges extend from a central circle shaped by etching
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Figure 3.3: SEM images of the first varifocal mirror design from
above (a) and the second at an angle (b).
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the sacrificial oxide between the Poly 1 and Poly 2 layers. The connection at the
center provides thermal contact between the heater plate and the segments but is
small enough that the diameter does not effect the overall mirror shape significantly.
The difference between the mirror shown in Figure 3.3(a) and 3.3(b) exists only in the
size of the release holes. The overall shape in the overhead SEM image is otherwise
accurate. All measurements of mirror curvature in this section are taken from the
design in Figure 3.3(b).
3.1.2 Focal Length Measurements: Stationary Varifocal Mirror
The first measurements of curvature for the device shown in Figure 3.3 demonstrated
the extended focal range of a segmented bimorph mirror. The focal range of the
stationary mirror is continuous from −0.59 mm and +2.5 mm (a curvature from
−0.85 mm−1 to +0.2 mm−1). This is shown in Figure 3.4. It should be noted that
the ideal measurement would be a function of dissipated electrical power, however
the current was not measured during the test. As the research progressed, more
stringent techniques were formulated to better characterize the system. As a proof
of concept, the range is significantly larger than demonstrated in previous works
using electrothermal actuation [9, 16].
An example of a typical surface profile is shown in Figure 3.5. The profiles in the
top image are gathered by the average height at the radial distance in the horizontal
axis. The bottom images are surface plots of the height for various actuation powers
of the same mirror. The analysis is performed by removing any data that is smaller
than a specified number of pixels. For instance, reflections from the platform through
the release holes and segment divisions are completely removed from the data so as
to characterize only reflections from the gold layer. If these data were not removed,
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Figure 3.4: Stationary segmented varifocal mirror curvature mea-
surements.
the curvature measured would have significantly larger error.
3.2 Integrated Micromirror Design
Connecting the heater springs to an anchor restricts the mirror to only varifocal
functionality. Increasing the heater spring length provides mechanical flexibility
without diminishing the dynamic focal range. Furthermore, replacing the anchor
with bimorph actuators creates three additional degrees of freedom, namely tip, tilt,
and piston.
Four such bimorphs are positioned tangential to the mirror acting as the legs to
raise the mirror above the substrate upon release. The overall design of the bimorph
legs are as described in Figure 2.4 and in Table 2.2. In designs where the mirror has
a diameter greater than 400 µm, an extension is occasionally placed at the end of
the bimorph legs. The extension is formed from both Poly 1 and Poly 2 but does not
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Figure 3.5: Radially averaged profile heights (a) and the correspond-
ing surface plots (b) for various actuation powers.
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Figure 3.6: SEM image of the micromirror platform suspended by
serpentine springs and U-beam actuators (three of four are out of the
field of view in this image).
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include the gold layer. The purpose is to provide additional deflection using a 3.5 µm
thick beam of polysilicon without adding strain with the 0.5 µm thick gold layer.
The extension then does not bend as the rest of the bimorph does upon actuation.
Each of the four bimorph legs is connected, at the tip, to a polysilicon serpen-
tine spring of 3.75 µm2 cross sectional area, 160 µm arm length and composed of 5
turns. These springs have a dual function: 1) they enable the bending, extension and
twisting required to allow the mirror to be tilted to large angles and 2) as described
in detail below, the springs serve as local heaters for the central plate. While the
serpentine springs are flexible enough to allow for large angle deflections, frequency
response measurements have shown a vertical (piston-mode) resonant frequency of
700 Hz. The frequency response will be covered in more detail in Chapter 5. As
an order of magnitude approximation, the displacement of mirror under only grav-
itational forces can be approximated by δ ≈ g
ω20
≈ 500 nm, where g = 10 m/s2.
This demonstrates that while the springs provide enough flexibility for angular de-
flection, the position of the mirror does not significantly deviate in response to low
frequency noise. The springs are connected to a circular polysilicon platform, 400 µm
in diameter.
The device has three electrothermal actuation modes which can be controlled
independently. The directional modes are achieved by applying a voltage bias to
one or more of Vb(1−4), shown in Figure 3.8 corresponding to the circuit shown in
Figure 3.7. Much of the resulting current is directed along the gold layer of the
bimorph as a result of the metal having much greater electrical conductivity than
polysilicon. The room temperature resistance of the serpentine springs is Rsp ≈
10 kΩ, 1500 times larger than the bimorph leg resistance, Rb ≈ 4.5 Ω. The impedance
mismatch of the serpentine springs and bimorph legs allows for decoupling of the focal
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Figure 3.7: Effective circuit diagram for an integrated varifocal mir-
ror with four bimorph legs.
electrothermal actuation and deflection electrothermal actuation. Additionally, the
3.75 µm2 cross sectional area and significant length of the springs creates a thermal
barrier through which heat due to actuation of the bimorph legs is impeded.
Although the power required to heat the serpentine springs is approximately the
same as is required to heat the bimorphs, the current required to heat the serpentine
springs is two orders of magnitude less than is required to heat the bimorphs. As a
result, the power dissipated in the bimorph legs due to the current provided to heat
the mirror, Isp due to the bias noted by Vm (initially noted as mirror voltage), is
negligible compared to the power required to heat the legs. To determine the leakage
power through the serpentine springs due to the actuation of a single bimorph, the
leakage current through each of the four springs can be calculated using the potential
at the tip of the actuated bimorph. In this case, the power ratio dissipated in the
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springs with respect to the bimorph scales as 9Rb
64Rsp
for the nearest spring and Rb
64Rsp
for the other three springs. The piston mode is available by actuating all four legs
at the same power.
3.3 Integrated Variable Focus Range
Integration of the varifocal mirror with the four bimorph legs had no effect on the
range of the segmented mirror actuators. In fact, the largest impact on the variable
focus range stems from the initial annealing process. The overall shape is highly
dependent on the size of the mirror, the shape of each segment, and the placement
of the release holes. In this section, the characteristics of the varifocal mirror and
the dependencies on design and annealing are discussed and compared. The cen-
tral thermal contact provides a unique advantage as any temperature distribution
originating from the springs is inconsequential to the thermal distribution on the
wedges, as they are essentially heated from a point source at the center. As a re-
sult, any asymmetry in power dissipated between the springs does not degrade the
optical properties of the mirror. The curvature when the mirror is unactuated is
dependent on an initial thermal treatment and can be tuned to obtain the desired
minimum focal length by altering annealing times and temperatures. The minimum
focal length is also dependent on the initial maximum actuation power, which deter-
mines the level of self-annealing. All subsequent actuations can be kept below the
first maximum power to ensure reproducibility.
3.3.1 Mirror Size and Platform Shape Effects
Thermal effects on a suspended mirror are quite different than those on a current
controlled U-beam. The first large change is in the separation of the heater and
43
V
1
Gnd
V
2
V
3
+V
m
V
4
+V
m
V
m
V
m
Gnd
I
sp
Current Color Code:
I
b1
I
b2
I
b4
I
b3
Rotation
Upon
Release
Figure 3.8: Top down SEM image of integrated mirror with terminal
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actuator. While a U-beam has en effective embedded heater, the platform is a
distinct entity in which zero heat is generated. Both the stationary and integrated
designs require a variation in the physical model first described by Equation (2.14).
Since the actuator is now separate from the heat generation, a steady-state solution
can be approximated. To a first approximation and to understand the effect of the
mirror diameter on range, we can ignore the heat lost through conduction via the
bimorph legs for long springs. In that case, the heat equation becomes:
2hairAsurface (T − T0) = − V
2
Rsp
(3.5)
Since the change in temperature is proportional to the change in curvature, the
relationship between the power required for actuation and the curvature change
should also be linear. Figure 3.9 demonstrates the linearity for both a 400 µm
diameter mirror and an 800 µm diameter mirror. Fits to the change in curvature
are represented by the dashed lines. Two fits were created for the 400 µm diameter
mirror to account for a drop in linearity after approximately 13 mW electrical power.
In the fit for the whole range of powers, the 800 µm diameter mirror curvature change
has a slope 3.7 times the curvature slope of the 400 µm diameter system.
If Equation (3.5) is exactly true, the ratio would be exactly 4.0 (as the surface
area multiplied by a factor of four). In reality some thermal energy is lost through the
bimorph legs in addition to convective losses. As a figure of merit, we may calculate
the thermal resistance of each component to ensure these are good approximations.
The thermal resistances are summarized as follows:
where RT is the conductive resistance, Rh is the convective resistance, Li is the length
of the bimorph leg or spring extension, kT,i, wi, and ti are the thermal conductivity,
the width and the thickness of the specified layer, h is the approximate convection
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Figure 3.9: Comparison between curvature change of 400 µm and
800 µm diameter mirrors as a function of electrical power.
Section RT Rh
Equation (Bimorph Leg) 2Lb
kT,Au·wAutAu+kT,PSi·wPSitPSi
1
2hwPSiLb
Equation (Spring) Ls
kT,PSi·wsts
1
2h(wsLs+tsLs)
Equation (Mirror and Platform) Variable (low on average) 1
2hpir2
Bimorph Leg 7.7×103 K/W 1.2 ×106 K/W
Spring 7.8×105 K/W 2.2 ×107 K/W
400 µm Diameter Mirror − 3.98 ×105 K/W
800 µm Diameter Mirror − 9.95 ×104 K/W
Table 3.1: Approximate thermal resistances for an integrated mirror.
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coefficient (10 W/m·K for the values in the table), and r is the radius of the mirror
platform. The form of the 800 µm mirror used in the data also provided significantly
larger thermal resistance toward the end of the spring attached to the bimorph legs
than in the 400 µm. This may also contribute to the offset of the multiplication
factor from 4.0 to 3.7 in the dissipated electrical powers.
3.3.2 Repeatability and Self-Annealing in Electrothermal Actuators
At high temperatures, gold on polysilicon bimorphs fabricated using the PolyMUMPs
process will undergo permanent degradation as the gold diffuses into the polysilicon
layer [47]. However, at low temperatures (closer to 175°C), the curvature during
thermal cycling stabilizes after approximately three cycles. Repeatability can be
drastically improved by adding an aluminum oxide (Al2O3) nanocoating to prevent
grain growth in the gold layer [20]. An additional advantage of atomic layer deposi-
tion (ALD) of aluminum oxide (which can be performed at low temperature) is that
it has been shown to prevent wear of microsystems and may have uses in acting as
a diffusion or electrical barrier [48].
Annealing temperature variations have two implications. One of which is a vari-
ation the initial curvature and the second is in the level of self-annealing upon actu-
ation. Figure 3.10 shows two identical mirrors annealed in argon using a standard
rapid thermal annealer (RTA). After annealing, the residual stresses due to the in-
crease in temperature decrease the initial curvature. The curvature at room temper-
ature for an 800 µm mirror annealed to 150°C is −0.69 mm−1 while the same mirror
annealed to 200°C is −0.95 mm−1.
The curvature at room temperature for a 400 µm mirror annealed to 125°C is
−0.72 mm−1 while the same mirror annealed to 150°C is −0.58 mm−1. This seems to
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Figure 3.10: 800 µm diameter mirror annealed to two different tem-
peratures.
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be in direct contradiction to the data shown in Figure 3.10. The difference between
the data shown in Figure 3.11 and that contained in Figure 3.10 lies in the number
of actuations prior to the test. If the post-processing Ar anneal were to permanently
set the minimum curvature, the mirror that undergoes the highest annealing tem-
perature would always exhibit the maximum curvature magnitude. However, if the
maximum actuated temperature exceeds the annealing temperature, the bimorph
segments self-anneal and the magnitude of the curvature at room temperature in-
creases again. At a given temperature, microstructure evolution will change the
modulus of the gold layer and, hence, the overall curvature upon cooling. Tunneling
electron microscope (TEM) images of similar composite structures show a depletion
of the chromium adhesion layer and crystallization of the amorphous gold layer upon
annealing to 225°C for 24 hours [49]. This microstructure evolution is highly depen-
dent on the environment, processing (i.e. ALD) and on the temperature during the
hold.
The maximum focal length is constrained by the focal length when the edges
of the mirror segments impact the platform. The mirror annealed to 150°C in Fig-
ure 3.11 impacts the platform at around 19.5 mW with a curvature of 0.03 mm−1
after a complete inversion. In other words, the mirror begins concave up, at around
18 mW the mirror is effectively flattened, and any further actuation provides greater
curvature as a concave up system.
The impacts of thermal cycling are shown in Figure 3.12. The first actuation of
a micromirror shows a nonlinear curvature-dissipated power relationship. The first
actuation sweep was from low to high power while the second was from high to low
power immediately following the first sweep. The third actuation clearly demon-
strates a more convergent curvature-power relationship. However, it is not clear how
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Figure 3.11: 400 µm diameter mirror annealed to two different tem-
peratures. Inset shows the mirror segment impacting the platform,
placing a physical constraint on the maximum curvature.
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Figure 3.12: Thermal cycling effects on curvature range. The first
pass is from zero power to maximum power. The second is from max-
imum to minimum.
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the hold time at each extreme effects reproducibility. The thermal cycling studies
in [47, 49] do not include temperature gradients due to electrothermal actuation. A
more detailed study of the mirror cycling is required to ensure long term stability
and deflection accuracy and is the focus of future work. The reproducibility of the
system can be greatly improved upon by moving from the open-loop feedback control
currently used to closed-loop feedback system [50] with either a power or a position
sensitive proportional-integration-derivative (PID) loop.
3.3.3 Release Hole Placement
The placement of the release holes has significant impact on the relationship be-
tween the curvature and dissipated electrical power. The release hole placement also
has significant implications on the overall shape of the mirror including measurable
aberrations and their relationship to the applied electrical power. Stress gradients
are possible along the radial and tangential directions if release holes are placed in a
linear grid. As a result, the aberrations can be reduced by placing the release holes
in a radial pattern. This has not been optimized and could be improved upon with
simulations. Figure 3.13(a) is an SEM image taken of a mirror with a linear grid
of release holes 3 µm in diameter placed 30 µm apart. Figure 3.13(b) is a similar
mirror with radial release holes 3 µm in diameter.
The upper limit on curvature for both designs is again determined by the 2 µm
proximity of circular platform beneath the mirror segments. The most significant
aberrations, measured using Zernike polynomials, were spherical aberration, astig-
matism and coma and are shown in Figure 3.14. The spherical aberrations were
consistently within ±300 nm, where the astigmatism and coma aberrations fall in
the 0−200 nm range, until the last measurement where the curvature error is on the
52
(a) (b)
Figure 3.13: SEM image of a mirror with linear release holes (a) and
an optical image of a mirror with radial release holes (b).
same order as the aberrations (Pm > 26 mW) and the wedges are in contact with the
platform. The error at maximum power may be eliminated by replacing the platform
with a rim and radial attachments allowing the wedges to deflect beyond the rim.
Aberrations from the mirror shown in Figure 3.13(a) are plotted in Figure 3.14.
The results show an increase in spherical aberrations when the release holes are
placed linearly compared to the aberrations when the holes are placed radially. The
reflectivity of the mirror is largely governed by the surface area and scattering due
to the release holes. The release holes reduce the surface area by approximately
5% and the surface area of the segment dividers reduces the effective mirror size by
approximately 9%. In all, the reflectivity of the mirror is 14% less than it would be
for an ideal solid membrane before accounting for scattering and diffraction losses.
The surface areal losses can be reduced by complete elimination of the release holes
which would subsequently increase the etch time. This would also reduce scattering
and diffraction losses. While the reflectivity will improve, the stress gradients will
shift and other methods of reshaping the mirror to reflect evenly will be required. A
more detailed study is required to understand fully the overall optical losses as they
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Figure 3.14: Curvature (top) and aberrations (bottom) of
the mirror shown in Figure 3.13(b). The curvature is fit to
κ = 0.042 mm−1/mW·Pm mW − 1.038 mm−1 with the exception of
the last point where the wedges come into contact with the platform.
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Figure 3.15: Aberrations due to a linear release hole grid pattern.
are largely dependent on the angle of incidence and the wavelength of the incident
light [51].
3.3.4 Inverting Mirror
Another iteration on the design, inspired by the impact of mirror segments with the
platform as described in Figure 3.11, completely removes the platform below each
segment. The removal of portions of the platform allows the mirror to continue
actuating beyond previously obtainable curvatures. The total surface area of the
mirror is significantly reduced in order to prevent impacts between mirror segments
and the tether segments left of the platform.
Curvature measurements show a similar power-curvature relationship when com-
pared to that of Figure 3.11. However, at curvatures beyond κ ≈ +0.05 mm−1 the
curvature begins to drop regardless of actuation. Similar droops occur upon the
second set of actuation powers. Since the droop seems to begin at approximately
the same curvature but for larger electrical powers during the second actuation, the
degradation is not likely caused by overheating. The optical reflectivity is continu-
ous until immediately following the last point at nearly 50 mW, after which clear
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Figure 3.16: SEM image of a mirror with portions of the heated
platform removed. Removing the platform allows the segments to
curve below the plane of the platform in order to extend the curvature
range.
degradation of the mirror can be seen. Instead, the degradation is likely caused by
mechanical failure or inelastic strains induced where each segment joins the platform.
Further investigation is required to determine the definitive limiting factors.
3.4 Optical Deflection Range
Electrothermal actuation has proven to be a promising design for large angle mechan-
ical deflections in MEMS. Vertical (piston mode) displacements of over 600 µm [52]
have been achieved with minimal lateral deflection. Additionally, optical beam de-
flections of over ±30° have been obtained using electrothermal actuators [53].
Key factors effecting the deflection range for the mirror described in this thesis
include the radius of the mirror and platform, the serpentine spring length, and the
length of the bimorph legs. The effect of the bimorph legs is two-fold as both the
heat conduction and bending moment depend on the overall geometry. Of course, a
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Figure 3.17: Curvature of the mirror shown in Figure 3.16.
mirror with an 800 µm diameter will cover only half the angular range of an otherwise
identical 400 µm diameter mirror. However, the dependence of angular range on the
remaining parameters is nontrivial and is discussed in more detail in this and the
following sections.
3.4.1 Experimental Techniques
Two distinct actuation techniques are used to produce angular deflections. The first
of which is the simplest, whereby exactly one leg is actuated while the others remain
at room temperature. The second is a differential bias where two of the bimorph
legs are held at a constant power directly between the maximum and minimum
powers and, by using an current-voltage (I-V) power lookup table, the power in one
is decreased while the opposite leg is increased by the same amount. The lookup
table is created by performing an initial I-V sweep and fitting the powers to a cubic
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Figure 3.18: Fits to the power as a function of voltage using quadratic
and cubic functions. The residuals show modeling the system using an
Ohmic response results in significant errors.
polynomial. The biases for each power are then extrapolated from the fit. Figure 3.18
shows the necessity of a cubic polynomial fit. The quadratic fit yields residuals as
large as 2.5 mW which shifts the deflection angle, increases measurement errors,
and increases the likelihood of damaging the mirror by biasing beyond the damage
threshold.
A collimated laser beam is directed at the mirror and focused using a standard
double convex lens to reduce reflections from the substrate. A projection screen is
placed directly in front of the mirror with a hole cut in the center. The screen is
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3D Transformation
Figure 3.19: Projection screen and imaging setup before and after
transformation.
aligned such that any residual reflections from the substrate are directed right back
to the laser diode. An image of the mirror is centered on the hole if the alignment
is correct. Upon actuation, the mirror image will shift along the projection screen
and is captured by a dSLR camera at some angle. The screen mount dimensions are
known and each image is transformed in MATLAB such that the frame is physically
accurate as shown in Figure 3.19.
An image is taken by accessing the camera via PC software to reduce user error
and require only a single transformation for all images. The position of the center
point of the mirror is clearly visible in each image due to symmetry. Manual tracking
of the centerpoint is performed using ImageJ software which provides a conversion
from pixels to distance based on the frame dimensions. From this an X-Y coordi-
nate map may be determined for each actuated power and the angular deflection is
calculated based on the distance between the frame and mirror.
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Figure 3.20: R108 differential power table
3.4.2 900 µm Bimorph Legs
The optical deflection range of the MEMS present here is shown in Figure 3.20. The
out of plane projection of the bimorphs following the oxide etch forces a rotation of
the mirror about the vertical axis, illustrated by the green arrow in Figure 3.8. Thus,
if a single bimorph is actuated the mirror pivots such that the axis of rotation is not
constant and the symmetry of the four bimorphs is lost. To reduce rotation of the
mirror and platform, the baseline mirror height is decreased by actuating two of the
four bimorphs at an offset power, P0. The other two bimorphs are actuated using a
differential power based on the initial current-voltage measurements. The power is
produced with a current bias such that Pθ,ϕ = P1±PT ilt, where P1 = 15 mW is held
constant at half the maximum power and PT ilt is varied between 0 mW and 15 mW.
The error in PT ilt is dominated by the temperature dependence of the resistance and
results in an asymmetric power differential between legs.
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Two scenarios are shown in Figure 3.20 , the first with P0 = 15 mW yielding a total
constant power of 60 mW and the second with P0 = 30 mW yielding a constant total
power of 90 mW. When P0 = 15 mW, the angular deflection is linearly proportional
to the differential applied power, PT ilt. Furthermore, the beam deflection along
the θ and ϕ axes are kept independent of one other, providing a straightforward
trigonometric relationship between the Cartesian coordinates of the reflected spot
on a screen and power provided to the bimorph legs. Increasing the offset power
to P0 = 30 mW increases the maximum optical deflection. However, the angular
deflection at low PT ilt is no longer linearly proportional to PT ilt because the mirror
pivot point is not held constant. The asymmetry causes the axis of rotation to shift
for each actuation power such that the beam deflection does not follow a straight line,
convoluting the relationship between deflection angle magnitude and beam direction.
Another possible consequence of asymmetric power offsets is an asymmetric
spring constant about each axis. Chapter 5 will cover this in more detail. In ef-
fect, the power offset does three things:
1. It changes the direction of deflection as a function of power.
2. It shifts the effective spring constant for each of the springs.
3. And it provides a shift in the pivot point along the vertical axis.
A plot of the X-Y displacement of the reflection from the mirror (3.21) onto
the screen in Figure 3.19 clearly demonstrates the effect of the offset power. The
direction is relatively constant for each actuation when the offset is held at half the
maximum power. However, increasing the offset power introduces a non-constant
relationship between the differential power, PT ilt and the direction. Decreasing the
offset power significantly diminishes the maximum range for this length bimorph and
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Figure 3.21: Displacement of the reflected beam as seen on the pro-
jection screen. The units are arbitrary and depend on the distance
from the mirror to the screen.
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Figure 3.22: Bimorph displacement along the horizontal during ac-
tuation.
two other bimorph designs are discussed in the following sections to eliminate the
need for an offset.
3.5 Bimorph Length and Spring Length Effects on Deflec-
tion Range
Rotation upon release and the power offsets are more consequential as the length
of the bimorph increases. For a given annealing temperature, a longer bimorph will
require more power per µm of vertical deflection than would a shorter bimorph.
While this seems initially counterintuitive since longer bimorphs will have greater
thermal resistances, we must consider the direction of the deflection. Figure 3.22
shows the displacement along the horizontal plane upon full actuation of a bimorph.
Low power actuation will provide little to no vertical deflection for a long bimorph,
while a short bimorph will begin with mostly vertical deflection. However, a shorter
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Figure 3.23: Optical angle for mirrors with (a) 660 µm and (b)
600 µm long bimorph legs.
bimorph will lose more heat to the base and will reduce the temperature gradient
from the tip to the base. In essence, the temperature gradient allows the bimorph to
deflect more at the tip where the force is most needed (where the spring is attached).
Figure 3.23 shows the deflection of two mirrors with the same serpentine springs
as in the device used to gather the data in Figure 3.20. The difference lies only in
the length of the bimorphs. Figure 3.23(a) is the optical deflection of a mirror with
660 µm long bimorphs using a single actuator and the differential scheme described
in the last section at an offset equal to half the maximum power. The differential
scheme is rendered unnecessary for the design in Figure 3.23(a) even for the diagonal
actuation (actuating symmetrically Pθ and Pϕ). The angular deflection is effectively
linear with respect to power where the power is the dissipated power in a single
bimorph. The other three bimorphs are left completely unactuated.
Overcorrecting the bimorph length to account for wasted horizontal displacement
again yields a diminished angular deflection range. Figure 3.23(b) is the optical
deflection angle produced by actuating a single bimorph leg. The maximum angle is
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Figure 3.24: Optical microscope images for a mirror with (a) three
spring bends and (b) five bends.
closer to 18°; 13° less than its counterpart which is only 60 µm longer.
Serpentine springs have very little to no impact on the angular deflection range.
The effect on range occurs only for springs which are significantly shorter than those
used in Figure 3.23, in which case the range is diminished. Figure 3.24(a) shows a
mirror with three serpentine bends while Figure 3.24(b) has five.
For springs as long as or longer, the deflection range does not change. Fig-
ure 3.25 is a plot comparing the optical deflection angle for the device measured in
Figure 3.23(a) to an identical device but with five serpentine spring bends (two more
than in Figure 3.23(a)).
3.6 Vertical Deflection
Actuation of all four bimorph legs results in a piston mode vertical deflection. The
vertical displacement is plotted in Figure 3.26 versus the total power provided to
the four bimorph legs. While the linearity of the deflection as a function of power is
constant for each design iteration, the magnitude is significantly dependent on the
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Figure 3.25: Optical angle for mirrors with 660 µm long bimorph
legs but two different serpentine spring lengths.
bimorph leg length. The measurements in Figure 3.26 are from a device with 900 µm
legs. The same device with 600 µm long bimorphs will only deflect 168 µm.
As the mirror is pulled toward the substrate, heat from the bimorph legs flows to
the mirror and the minimum focal length is increased slightly. A plateau occurs at
approximately 65% of the total power where it is believed the convective heat lost
balances the amount of heat that can be conducted through the springs from the
tips of the bimorphs. The reduction of focal range due to actuating all four bimorph
legs is a worst case scenario for the mirror as the total heat needed for maximum
tilt is lower than the heat applied for full vertical actuation. However, it must be
noted that the piston and tip-tilt actuation modes are coupled. Actuating a mirror
vertically reduces the tip/tilt range, as the total power for each leg is constrained.
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Figure 3.26: Vertical deflection performed by actuating all four bi-
morph legs simultaneously and measured with a Zygo interferometer.
Figure 3.27: Correlation between vertical displacement
and curvature. Power is total power.
Chapter 4
Dynamic Response1
Current lighting standards provide metrics for LED dimming. In many cases, the
electrical signal is pulse width modulated (PWM), where a stream of current pulses
of varying widths and constant amplitude are used to control the average perceived
brightness. LEDs have a relatively high bandwidth so the subcarrier frequency can
be on the order of tens or even hundreds of kHz for a standard lighting system.
Furthermore, the response time of the human eye is the effective dimming mechanism.
The response of the human eye approximately 30 ms and acts as a barrier to the
minimum PWM frequency. The effect of flicker on health and perception is a highly
researched subject area [54].
Providing adaptive illumination for either general use or implementing directional
visible light communications must also adhere to the time constraints dictated by
biology. Using MEMS for such a system provides a method to adhere to current
standards and control illumination at speeds greater than can be perceived by the
human eye. In this chapter, the response time of the micromirror is measured both
thermally and mechanically. Methods to reduce the transient response of the mir-
ror are demonstrated and shown to be sufficiently fast, exceeding current lighting
standards in response time by an order of magnitude.
1Portions of this chapter have been published in [44]
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4.1 Thermal Response
Characterization of the overall response of an electrothermal system can be performed
by evaluating the time dependent heat equation. The assumptions regarding the
actuators can be made as in Section 2.1, whereby conduction is the dominating
method of heat flux through the bimorph. The heat source is given by joule heating
and the transient thermal behavior is an artifact of the heat capacity of the bimorph.
In the interest of simplicity, we first consider the first order model. The following
equations represent the heat generated by joule heating, the heat lost via convection
and conduction, and the heat stored in the system at time, t:
Q˙Joule = J
2wAutAu(2l)ρe,Au(T¯ (t))
Q˙Res =
[
kT,eff
2l
(wAutAu + wP−SitP−Si) + h (wAu + wP−Si) 2l
](
T¯ (t)− Troom
)
Q˙Cap = 2l (ρAucp,AuwAutAu + ρAucp,P−SiwP−SitP−Si)
dT¯ (t)
dt
where J is the current density, ρe is the electrical resistivity of the bimorph, h is the
convection coefficient and all other variables are defined in Table 2.1. The resistivity
of PolyMUMPs gold is approximately three orders of magnitude less than that of
Poly 2, any current primarily flows within the gold layer for the actuators tested.
The equation can be simplified by understanding the two layers are effectively two
resistors in parallel. Based on the ratio of resistivities of gold and polysilicon and the
dimensions of the two layers, the effective resistance is approximately equal to that
of the gold. In this case, all the tested actuators are either 600 µm long or 900 µm
long with a 35 µm wide gold layer and a 40 µm wide Poly 2 layer.
The spatial dependence of the temperature derived in Chapter 2 will require
time constants to vary along the actuator as the temperature gradient shifts. The
average temperature of the actuator is used as an approximation to eliminate spa-
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tially varying parameters and is written in integral form as T¯ (t) = 1
l
∫ l
0
T (x, t)dx.
The temperature in the above equations can then be replaced with the change in
temperature, Θ(t) = T¯ (t)− Troom, leading to:
dΘ(t)
dt
− 1
CP
(
I2R0,AuαR
)
Θ(t)
+
kT,eff
2l
(wAutAu + wP−SitP−Si) Θ(t)
+ h (wAu + wSi) (2l) Θ(t) =
I2R0,Au
CP
(4.1)
where R0,Au is the resistance of the gold layer at room temperature, the temperature
dependent resistance is assumed to be proportional to the temperature by the factor
αR and the heat capacity for the entire volume is
CP = 2l (ρAucp,AuwAutAu + ρAucp,P−SiwP−SitP−Si) (4.2)
Justification for using a linear thermal response is that we are primarily seeking an
order of magnitude estimate thermal time constant. The derivation of the time de-
pendent temperature does not include temperature dependent thermal conductivities
to air and neglects the conduction to the substrate [55]. Ultimately, this omission will
lead to errors in the time and frequency responses. The solution to Equation (4.1) is
a sufficient approximation for the response based on a constant current bias. Since
the resistance of the bimorph U-beam is typically less than 4 Ω, a 50 Ω resistor in
series will provide relatively constant current from a voltage bias.
Equation (4.1) is exactly solvable given the initial condition Θ(0) = Θ0 and may
be written as:
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Θ(t) =
(
Θ0 − (2l) I
2R0,Auτ
CP
)
e−
t
τ +
(2l) I2R0,Auτ
CP
(4.3)
The thermal time constant is defined in Equation (4.3) as
τ =
4l2CP
AAukT,Au + ASikT,Si + 4hl2(wAu + wSi)− (2l)I2R0,AuαR,Au (4.4)
It is important to note that the time constant will depend on the steady state temper-
ature for a system with a temperature dependent resistance (αR,Au 6= 0). Assuming
the change in temperature is given by Equation (4.3), we can use the time dependent
resistance, R(t) = R0,Au (1 + αR,AuΘ(t)), to measure the approximate linear thermal
time constant by fitting it to Equation (4.3). The approximate time constant is cal-
culated as τ ≈ 4 ms using the values from Table 2.1 and using h = 1000 W/(m2·K).
While it may seem alarming for convective heat transfer at this rate, it is important
to keep in mind the device is, by definition, moving. Forced convection coefficients
may increase the overall time constant significantly.
The time dependent thermal response characterization is performed by applying
a current pulse for the bimorph legs and a voltage pulse for the serpentine springs.
For the 900 µm legs under test, the power resulting from a current pulse corresponds
to an optical deflection angle from approximately 10° to 28°. Likewise a voltage
pulse resulting in a radius of curvature change from −1 mm−1 to +0.05 mm−1 is
used to measure the thermal response time of a 400 µm diameter integrated mirror.
The bimorph leg time constants are measured to be 2.0 ms for a rising temperature,
while the cooling time constant is 2.5 ms. The fits to the resistance as a function of
time are given in Figure 4.1(a) for both increasing temperature (top) and decreasing
temperature (bottom). The serpentine springs and central plate/mirror have a ther-
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Figure 4.1: Resistance as a function of time after a current step
input for the bimorph legs (a) and the serpentine springs (b) in the
integrated mirror.
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Figure 4.2: Analytical and numerical calculations of a U-beam actu-
ator transient temperature.
mal time constant of 14.9 ms while heating and 11.7 ms while cooling as determined
by exponential fits of the data shown in Figure 4.1(b).
The response time can be decreased by voltage biasing the bimorphs rather than
providing a constant current. The initial peak in power with a voltage bias due to
the positive temperature coefficient of resistance results in shorter response times
compared to a current biased drive. The governing differential equation for a voltage
bias can be solved numerically and Figure 4.2 is the result of the three bias schemes
based on a step function in current with a temperature dependent resistance, current
without a temperature dependent resistance, and voltage with a temperature depen-
dent resistance. In all three cases, the steady state temperature change is set at 150 K
and the final steady state power dissipation is 16.6 mW. While the temperature is
held consistent, the drive amplitude depends on the bias type and, consequently, the
response time is significantly reduced from constant current to constant voltage bias.
The difference in heating and cooling thermal time constants can be attributed
to material properties, such as conductivity and resistivity, changing with tempera-
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ture [40] and the effective placement of the heat source. Furthermore, when a current
flows through the legs, power is generated along the entire structure, rapidly heating
the bimorph. When cooling, all thermal power must flow to the base, resulting in
a greater cooling time constant than heating time constant. This is the reverse for
the mirror where heating is locally restricted to the serpentine springs. The thermal
energy must then flow onto the mirror structure. The considerable surface area al-
lows for thermal cooling directly to the surrounding air. Consequently, the time to
raise the temperature is less than to decrease it. A more detailed measurement of
the thermal distribution is required to make assumptions regarding the temperature
of the mirror wedges and springs. The slight reduction in curvature when actuating
the legs simultaneously, as shown in Figure 3.27, indicates that the spring provides
a considerable thermal barrier between the legs and the platform.
4.2 Mechanical Response Time
The mechanical response times of the mirror deflection are measured by detect-
ing reflected light from the mirror with a two dimensional position sensitive detec-
tor (PSD). All of the mechanical response measurements are driven with a voltage
bias in order to minimize the response time.
To improve the accuracy of the PSD measurements, the mirror is flattened to
minimize the spot size of the reflected light by holding the power dissipated in the
serpentine springs at a constant 26 mW. Figure 4.3 demonstrates the PSD measured
response as a function of time when a voltage ramp is used to actuate a single leg.
Three voltage drive schemes are implemented to reduce ringing and overshoot. The
voltage steps all correspond to a power modulation of 0.02 − 27 mW (0° − 25° of
optical deflection), corresponding to an linear voltage ramp either increased from 10
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Figure 4.3: Graphs (a) and (b) show the power dissipated in a 900 µm
bimorph leg based on the voltage ramp time, (c) and (d) are the nor-
malized deflection angles due to the voltage ramps measured using a
PSD for each of the ramp times (inset graphs provide the actual volt-
age over time). The normalizations in (c) and (d) are each offset to
reduce overlap.
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Voltage
Ramp Time
Rise
Time
Rise Angle
Overshoot
Rise
Settling
Time
Fall
Time
Fall Angle
Overshoot
Fall
Settling
Time
5 ms 5.2 ms < 1% 12 ms 4.1 ms < 1% 7 ms
1 ms 4.4 ms 1.7% 18 ms 3.1 ms < 1% 10 ms
Step 4.8 ms 3.0% 21 ms 2.2 ms 1.9% 14 ms
Table 4.1: Mechanical response times of a bimorph U-beam using
various time dependent voltage inputs.
mV to 400 mV or decreased from 400 mV to 10 mV over 5 ms, 1 ms or less than
100 µs (referred to as a “step”). The mechanical rise time of the mirror, defined
by the time required to deflect from 10% to 90% of the 25° deflection, is given in
Table 4.1 for each drive scheme. Also included in Table 4.1 are the mechanical
settling times defined as the time required for the system to remain within 1% of the
final angle.
A drastic reduction in ringing is clear for the responses of both rising and falling
actuation voltages in Figures 4.3(c) and (d) when the voltage is linearly increased
over 5 ms compared to a step in bias. However, the rise times for the step voltage and
5 ms ramp differ by less than 0.5 ms indicating that the response time is limited by
the thermal, not mechanical, characteristics of the system. In addition, the overshoot
in deflection angle is reduced to less than one percent during both rise and fall powers
for the 5 ms ramp. Similarly, the settling time of the 5 ms ramp indicates minimal
ringing. The fall time increased by a factor of two between a 5 ms ramp and a step
voltage. It is possible that this may be mitigated by using more sophisticated driving
techniques to allow the slope of the voltage ramp to change over time so as to slow
the temperature change at the start and increase the rate of change in voltage as the
resistance plateaus.
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Figure 4.4: FFT of the response when heating (Up) and cooling
(Down) for varying voltage ramp times. The reduction in response of
the first two resonant modes is clear when the voltage ramp is provided
over 5 ms when compared to a step voltage.
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The ringing for each drive scheme is most obvious when a Fourier transform (FFT)
is performed on the mechanical response. Figure 4.4 illustrates the frequency re-
sponse of the mirror for each voltage ramp for both rise and fall of the system. The
oscillation peaks can be mapped to their respective resonance frequencies from both
measured data and simulated resonances. The first mode is a piston mode with a
frequency around 700 Hz and is only apparent during a voltage rise. The second
resonance is a torsional mode at approximately 1 kHz. It is clear from the FFT
that the torsional mode shifts in frequency between the rise and fall data. A more
detailed study is required to fully understand the phenomenon as it relates to this
device. Chapter 5 will cover in detail the characteristic frequency response and shed
light on how the initial conditions determine the mode shape.
The 3 kHz oscillation in the FFT data has been observed during frequency sweeps
with the PSD system. FEM simulations show a higher order piston mode at 2.5 kHz
and a torsional mode at 2.8 kHz. The mechanical response of the mirror wedges are
not measured directly. However, it is assumed to be limited thermally as the length
of the wedges require the mechanical resonance to be approximately 25 times greater
than the bimorph legs, while the time to heat the springs is two to three times longer.
Thus, the thermal time constant governs the rate at which the focal length can be
changed.
4.2.1 Response Shaping Using Open Loop Control Methodologies
The mechanical response can be adapted to reduce ringing or reduce the mechanical
response time by using advanced drive techniques which do not require analog control
over the voltage bias. While providing a monotonically increasing bias to one of the
bimorph legs significantly reduces the magnitude of the perturbed resonance modes,
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a multi-input step function can provide the similar results.
The device can be modeled as a spring-mass system using the governing equation:
mx¨+ γx˙+ kx = F (t) (4.5)
wherem is the mass, x is the position, γ is the damping coefficient, k is the spring con-
stant, F (t) is the time dependent force to which the oscillator is subjected. Strategi-
cally chosen input forces can significantly enhance the mechanical response of most
resonators. The first implementation of a two-step forcing function in the literature
is a memo written by Neil Singer at Massachusetts Institute of Technology [56]. Since
the report the technique has been called the Zero Vibration (ZV) preshaping tech-
nique and has been expanded upon to include a third step labeled the Zero Vibration
and Derivative (ZVD) preshaping technique. The ZVD technique tends to be more
robust than the ZV preshaping [57] by relaxing the constraints on the frequency and
damping parameters. Both preshaping forms and extensions using a convolution of
the step response of a mechanical system with input pulses to reduce sway in con-
struction equipment [58, 59, 60]. Since then, open loop control algorithms based on
the same techniques have been used in MEMS to reduce ringing [57, 61, 62, 63].
Capacitive systems can benefit enormously from pulse shaping since the forcing
time scale is much less than the mechanical response time scale. The required pulse
shapes can be calculated by either providing an input force and measuring the fre-
quency response or by using a sinusoidal force to sweep through a continuous set of
frequencies. The forces at a given voltage bias for parallel plates and standard comb
drive actuators are well known [63, 64].
For an instantaneous and input time-invariant step force, a damped, harmonic
oscillator (DHO) will obey the equation:
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mx¨+ γx˙+ kx = F0H(t0) (4.6)
where F0 is force required to achieve a user defined steady state position x0 and H(t0)
is the Heaviside step function beginning at time, t0. Redefining the spring constant
such that k = mω20 and ω1 = ω0
√
1− (γ/(2mω0))2, the differential equation has an
analytical solution of:
x(t) =
F0
mω20
[
1− e− γt2m
(
γ
2mω1
sin (ω1t) + cos (ω1t)
)]
(4.7)
Equation (4.7) assumes t0 = 0 and that the oscillator is initially stationary. An
underdamped oscillator with a quality factor, Q = mω0
γ
will ring for a time τ = 2Q
ω0
before dissipating to oscillations within a factor of 1/e of the steady state position.
For MEMS, this time can be significant as the quality factor may reach tens of
thousands [65].
In order to reduce the dissipation time, the first step force may be defined such
that the overshoot oscillation is at a maximum at x = x0. In this case, the first
maximum will be when x˙ = 0 at time:
t1 =
pi
ω1
(4.8)
The force to shift the overshoot value to x0 is found by plugging t = t1 into Equa-
tion (4.7). Then assuming the two-pulse forcing is defined as a piece-wise function
rather than a constant,
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F (t) =

F1 = F0
(
1− 1
1+e
γt1
2m
)
t ≤ tmax
F0 t > t1
(4.9)
The piece-wise forcing function reduces the settling time from τ to t1 in a system
with either a large quality factor or sparse resonance frequencies. In reality, if the
resonances are near to one another the pulse at t = t1 will remove oscillations at the
primary resonance but higher order resonance excitations may gain in amplitude.
The higher order resonances may be dissipated by providing a step input based on
a superposition of the equations above for each resonance [61].
The difference between using this technique for a capacitive or electromagnetic
MEMS and for an electrothermal MEMS is in the effective thermal damping. The
mechanical resonances of the devices within this thesis have oscillation periods of
less than 1 ms while the mechanical rise time is nearer to 4 ms. This means that
the overshoot maximum will never occur at t1 as defined above. However, since the
settling time is typically 5 − 7 times greater than the rise time (Table 4.1), even a
thermally limited drive scheme can improve the response by the same factor.
The experimental verification is performed by providing a step input voltage to
the mirror at the voltage with the desired final angle. Figure 4.5 shows the response
of the the same mirror design as used for Figure 4.3. The required steady state angle
is obtained by providing 400 mV to one bimorph leg. From this response, an FFT
demonstrates the excited modes in the mirror. The dominant modes can be seen in
Figure 4.7. They are located at approximately 750 Hz, 1060 Hz and 1300 Hz corre-
sponding to a vertical piston motion and the two angular modes respectively. The
peaks tend to shift in frequency as the oscillation amplitude varies thus using a ZV
input shaper will, in theory, limit the improvement in the response time. A discussion
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Figure 4.5: Micromirror response using a ZV input shaper. The
system is still thermally limited but the ringing is significantly reduced.
regarding the frequency variations is provided in greater detail in Chapter 5.
Higher order oscillations are present in the single step response at odd harmonics
of the piston mode and even harmonics of the angular deflection modes. In this case,
using a voltage step input is not an even forcing function because of both the TCR
and the directionally variant power response [44]. The positive TCR changes the
transient thermal response [66] and consequently reduces the response time. The
response will depend on the magnitude of the force and the resistance within the
circuitry leading up to the device. This is principally due to the current squared
term in the time constant for a device with αR,Au 6= 0. It is likely the temperature
gradient along a U-beam will also shift the direction of the acting forces. Despite
the variations in the force due to the mechanics and thermal response, ringing in the
device is reduced substantially by providing two pulses shown in Figure 4.6.
82
Figure 4.6: The input shaper is based on a primary pulse at approx-
imately 60% the maximum power of the final pulse when measured at
steady state.
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Figure 4.7: FFT of the step responses with and without a preshaped
input.
The timing of the second pulse is determined based on the FFT of a single voltage
pulse to 400 mV shown in Figure 4.7. The secondary pulse time is chosen based on
the center frequency (between 750 Hz and 1300 Hz), leading to a time delay of
450 µs. The first pulse bias is then based on iterating the bias given a constant time
delay until a minimum in ringing is obtained. The input power of the first pulse is
approximately 60% of the secondary pulse at steady state temperatures.
The FFT of the input shaped response shows a clear improvement in the harmonic
excitations. Likely, the proximity of the first three resonance peaks limits the reduc-
tion in their amplitudes even with a ZV shaper for each mode. It may be possible to
improve the response by using a ZVD input shaper but it is not clear from this study
if the proximity will still prove troublesome. The steady state position is increased
based on the maximum overshoot as is expected for a ZV input shaper. However,
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the iterative determination of the first bias is inefficient and a more realistic model of
the time variation in resonance frequencies is required to fully implement this type
of control system. When an analytical solution or numerical result is difficult to
obtain, trial and error will build an intuition. The most reliable format to reduce
ringing is to follow the thermal response with a voltage ramp. But if a digital driver
is desired, we must first understand the mechanics completely. Chapter 5 discusses
an investigation of the frequency response stemming from work in this chapter. As
a solution to controlling a time variant system is sought, a new description of the
response is demonstrated and shown to vary much too greatly for a ZV control.
Chapter 5
Frequency Response Characterization
Frequency tuning is fundamentally useful in MEMS sensors where control of the
mechanical characteristics can enhance measurement sensitivity. The design can in-
troduce some level of tunability including the level of coupling between two connected
cantilevers [67] and when molding a specific nonlinear response is desired, such as in
bit operations [68].
In many cases, in-situ tuning is employed using capacitive forces [69, 70, 71, 72].
Mechanical restriction by other means may be used to tune the resonant behavior
of a MEMS device [73, 74]. Similar techniques involve altering the relative posi-
tions of comb drive actuators [75]. Temperature dependent material properties may
also be used to tune the resonant frequency [76, 77], although in most cases the
variation is an effect in need of correction. Cantilever oscillations in atomic force
microscopes (AFM) have been controlled with feedback control systems [78] yielding
a large tunable frequency range.
Auto-parametric amplification can be best utilized to improve signal strength in
resonators when the degeneracies of a resonator can be tuned [79]. This is useful
in AFM systems since the internal resonance in an AFM cantilever can be used
for multiple measurement modes [80]. Thus, tunable frequencies may improve the
separation of harmonics employed in such systems or in arrays of oscillators [81].
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This chapter focuses on the characterization of the micromirror under small am-
plitude harmonic drive signals. At low drive amplitudes, the system behaves as
a linear harmonic oscillator. As mentioned in Chapter 4, a notable difference in
the forms of the up and down (actuate/release) step responses is a barrier for us-
ing a ZV input shaper. An in-depth investigation into the shifting resonance peaks
demonstrates that the mechanics of the system can be predictably tuned using elec-
trothermal actuation.
First, the frequency response of a harmonic oscillator will be defined and the
FEM simulations shown to provide a baseline for the expected resonance frequencies
and mode shapes. An introduction to some common models used to define the cou-
pling between the thermal and mechanical physical domains will be followed by the
expected thermal frequency response. The remaining sections of this chapter will in-
clude the experimental techniques to find the resonant frequencies of the micromirror
device and the models fitted to the response in order to recover the physical constants
surrounding the resonance such as quality factor (dissipation) and frequency. The
frequency response of the mirror is examined upon actuation of pairs of bimorph
U-beam actuators and a correlation between the level of actuation and frequency
response is characterized.
5.1 Resonator Frequency Response
The frequency response for most MEMS devices can be characterized by approximat-
ing the MEMS as a spring-mass system. The equation that describes the spring-mass
system is defined by Equation (4.5) in Section 4.2.1. For clarity, the equation is given
here as:
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mx¨+ γx˙+ kx = F (t) (5.1)
To probe the resonant response of an oscillator, an harmonic force is applied
such that F (t) = F0< (eiωt). By assuming the solution is also harmonic, x (t) ∝
< (eiωt), and applying the derivatives a complex amplitude is obtained. The solution
is frequency dependent and is written as
x (t) =
F0
m
< (eiωt)
ω20 − ω2 + iωω0Q
(5.2)
where as in Chapter 4, the parameters have been redefined such that k = mω20, Q =
mω0
γ
. The magnitude and phase can then be calculated from the complex amplitude.
‖ x (ω) ‖ = 1(
(ω2 − ω20)2 −
(
ωω0
Q
)2) (5.3)
φ (ω) = tan−1
(
γ/ω
1− (ω0
ω
)2
)
(5.4)
The eigenvalue frequencies can be determined by examining each spring (namely
the serpentine springs and the bimorph U-beam actuators themselves). It is possible
to calculate the compliance matrix for the serpentine springs and U-beams using
techniques outlined in [82]. For this use case, however, the eigenvalue matrix would
require six degrees of mechanical freedom. The interactions between the deflections
both rotational and translational are significant. Instead, an FEM simulation can
take into account the residual stresses within the layers to provide both the vertical
lift from the stresses and the resonant modes linearized about the projected position
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Figure 5.1: FEM simulations of a mirror with in-plane residual
stresses. The modes are given as a) vertical or piston, b) tip, c) tilt.
Note that the direction of the tip and tilt are mirror images.
of the mirror. Thus, it is not necessary to calculate the overall spring constants and
eigenvalues.
Figure 5.1 shows the mode shapes of the first three resonance modes simulated
using COMSOL Multiphysics®. The gold and polysilicon layers are given an initial
in-plane stress value until the calculated vertical deflection reflects experimental mea-
surements nearing 200 µm. The values are simulated to be 1.24 kHz for the piston
mode and approximately 2.02−2.07 kHz for the degenerate tip and tilt modes. These
values agree with experiment to within 35% for the first and 40% for the second and
third modes.
5.2 Thermo-Mechanical Models
Finite element method simulations in the previous section predict resonance frequen-
cies corresponding to a period well beyond the thermal time constant of the U-beam
actuators. To understand what this means for the frequency response of the system,
we must first dive into the numerous models which exist to account for the thermal
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frequency response. The chosen model will then carry over into the mechanical fre-
quency response to determine the maximum scanning angle at resonance, considering
both the thermal and mechanical characteristics of the system.
The constraints on thermal actuator material properties that allow the derivation
of both transient and steady state solutions to the heat equation are temperature
independence and spatial homogeneity. The material properties affected by temper-
ature and geometry can be any or all of resistivity, thermal conductivity, and heat
capacity. For many systems with simple geometries, these assumptions are viable
and can be used to approximate the temperature distribution and response time as
is shown in Chapters 2 and 4. In others, the characteristics prove too complex and
new models must be substituted to solve the parabolic heat transfer equation:
∇ · (k (~r)∇T (~r)) +Q (~r) = ρcp (~r) ∂T (~r)
∂t
(5.5)
An electrothermal actuator undergoing a constant current bias is one exception
to the general rule where a varying parameter does not jeopardize the linearity of the
heat equation. Even in the constant current case, a temperature dependent thermal
conductivity and/or heat capacity will cause significant errors in the calculated tem-
perature. Conversely, the time dependent temperature of an actuator undergoing a
constant voltage bias cannot be solved analytically as is.
A few techniques exist to find an analytical solution to the parabolic heat equa-
tion. One method involves defining weighted values to correct for errors that arise
from temperature dependent and spatially varying parameters [83]. However, the
approximation is limited to dependencies with small parameter gradients within the
volume.
Mechanical coupling to the thermal distribution further complicates what may
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already be a nonlinear differential equation. For a MEMS system with few junctions
(electrical and/or thermal) such as a hot/cold arm lateral actuator may be modeled
with a lumped element model (LEM) [19]. A LEM draws parallels with circuit design
and provides a recipe for an otherwise complex network of equations. In a LEM, the
heat capacity is modeled as a capacitor, the thermal conductivities, in all forms
(conductive, convective, and radiative), are modeled as resistors, and the heat flow
is modeled as the current. An extention of LEM is the FEM procedure in which
the entire domain under examination is divided into almost infinitesimal elements.
Each element should have dimensions approximately equal to the length at which the
temperature and spatially varying parameters can be considered constant. In such a
system, the corner of each element (or node) acts as an effective heat source [84].
The drawback of FEM simulation is the number of dimensions in the system
of differential equations. Each element can be described by a linear differential
equation once the size is on the same length as the characteristic length scale. But
in many cases, the length scale requires tremendous computational effort which may
be reduced by model order reduction algorithms [85] or, more recently by redefining
the nodal structure completely [86].
Pal and Xie proposed a dynamic compact thermal model (DCTM) of order
two [87] to predict the time dependent behavior of a 1D electrothermal micromirror
based on a previously constructed reduced order model [88]. From this construction,
the temperature of the bimorph system is completely eliminated from the model by
using a transfer function representation of the system. As it turns out, the most ac-
curate representation of the device in this thesis is quite similar. Thus the frequency
response will be characterized using combined second order thermal and second order
mechanical transfer functions.
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Figure 5.2: SEM image of permanently flattened micromirror de-
signed for frequency response characterization.
5.3 Measurement Methodology
A position sensitive detector is used to measure the frequency response of the mi-
cromirror. A collimated laser diode is directed such that the angle of incidence on
the mirror is at 45°. The PSD is rotated to form a total of 90° in order to properly
measure the reflections from the mirror. Typically, the distance from the mirror to
the PSD is 5− 7 mm to maximize the measurable optical reflection angle. However,
the measurement is limited by the divergence of the reflected light from the variable
focus segments. The field of view can be as large as 30° which limits the measurable
range to around ±25° due to the finite PSD film window. To maximize the measur-
able optical deflection, an iteration of the micromirror is without the variable focus.
In the new design, the sacrificial oxide layer between the varifocal bimorph segments
and the central platform is etched. Performing this etch prior to the deposition of
the Poly 2 layer mechanically joins the Poly 1 platform and the Poly 2 bimorph
segments.
Since the sacrificial oxide is removed after processing in the original design, the
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mechanical characteristics remain relatively unchanged. A slight strain on the ser-
pentine springs is added as the bimorph segments may introduce a curvature to the
Poly 1 platform. However, this effect should be minimal and will be symmetric as
all four springs will be pulled toward the center equally.
The linearity in the steady state angle is most reliable with regards to the dis-
sipated electrical power (not the voltage or current bias) as seen in Figures 3.18
and 3.20. In Chapter 4 the response time is shown to vary with current and voltage
bias but the overall average dissipated electrical power corresponds to the same av-
erage Θ. The agreement implies that the basis for standardization of measurements
should be power consumption and not voltage nor current bias. Unfortunately, such
a control system does not exist with the added benefit of providing a sweep over a
large range of frequencies.
In lieu of a feedback loop to control the power bias, an I-V set of data is used as a
look up table for the electrical power consumption under DC actuation. This is the
same method used in Section 3.4.1. A current biased system set at value explicitly
to obtain a specific dissipated power will only work in static configurations. The
thermal time constant of the device ultimately governs the relationship between the
actual power amplitude and average value at a given frequency. Using the exponential
time dependence of the resistivity and assuming a constant current bias, the time
dependent power can be extrapolated as:
P (t) = I2R0,Au (1 + αR,AuΘ (t)) (5.6)
where Θ (t) is given by plugging Equation (4.4) into Equation (4.3).
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5.3.1 Driving Scheme
The non-Ohmic response of the bimorph U-beam requires the baseline power to be
shifted close to 5 mW, around which current biased oscillations are near symmetric
in power amplitudes. The amplitude of oscillations for frequency sweeps are small
compared to the offset required to ensure a relatively linear temperature oscillation.
Low current amplitudes allow us to approximate the oscillations of the temperature to
be small enough to ignore the resistance oscillations. The resistance will, however,
shift with the initial offset power but for drive frequencies much greater than the
thermal time constant of the mirror, the resistance fluctuations will not be significant
as the U-beams will not have sufficient time to heat and cool.
Prior to completely assuming the drive is linear, we must first show that the
constant current drive has small enough amplitude to ignore second order nonlinear
terms. Since the drive power, assuming a constant resistance at the bias offset,
R1 = R0 (1 + αR∆T0), the harmonic power is given by
P (t) = (Ioffset + Iamp sin (ωt))
2R1 (5.7)
The power can be expanded into P (t) = p0 + p1 sin (ωt) + p2 cos (2ωt). In order
to maintain linearity, the ratio of p2 to p1 is necessarily much less than 1. The 2ω
can be modeled as a time variant stiffness that can amplify or dampen an oscillator
depending on the relative phase [89]. While in some forms this would be useful for
self-parametric amplification [79] and can be used to design high resolution detec-
tors [90] or large scan angle micromirrors [91], they will introduce variable signals
here and need to be minimal. Upon calculating the terms, they are as follows:
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Figure 5.3: Ratio of first order and higher order harmonic terms in
the power as a function of frequency.
p0 = I
2
offsetR1 +
I2ampR1
2 (1 + τ 2ω2)
p1 = 2IoffsetIamp
(√
1 + τ 2ω2 + τ 2ω2
(1 + τ 2ω2)2
)
R1 (5.8)
p2 = −1
2
I2ampR1
1 + τ 2ω2
where τ is defined by the resistive thermal time constant. Using the values based on
the power lookup table for a 1 mW peak-to-peak power oscillation, the combination
with the greatest current amplitude and lowest current offset are Ioffset = 63.7 mA
and Iamp = 1.2 mA. Assuming the time constant is approximately τ = 2 ms, the
ratio of p2 to p1 terms over a range of frequencies is shown in Figure 5.3.
The maximum ratio of the harmonic terms is less than 0.5% calculated for the
greatest current amplitude and smallest offset. This is considerably less than the
ratio that would be necessary to induce nonlinearity. As such, the relative amplitude
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Figure 5.4: Two legs are biased at an offset power and a differen-
tial power amplitude while the opposite legs are biased by a separate
constant tuning power.
of the two terms drops further over the range of interest, between 10 Hz and 3 kHz.
Thus, the power scheme can be delivered as is shown in Figure 5.4.
The purpose of the differential drive and two DC power offsets (namely Poffset
and Ptuning) is to sweep through the offset and tuning powers while providing a
constant amplitude power. Systematically sweeping through the power biases based
on the I-V curve will yield insight into the range of frequencies at which the device will
resonate. In addition, the form of the resonant mode will be interpreted to determine
how variations in the initial deformation impact the resonance frequencies.
As is shown in Figure 5.5, an offset to a single bimorph leg can change the overall
shape of a single spring significantly. By varying the offset biases along each axis,
the amount of strain energy in the springs will differ appreciably. The deformation of
the serpentine springs will shift both the resonant frequencies and the mode shapes.
To gain a better overall view of the shapes, an FEM simulation using COMSOL
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a) b)
Figure 5.5: SEM image of a) the spring connected to an unactuated
bimorph and b) an actuated bimorph leg.
Multiphysics® is performed at various actuations. The residual stress estimation is
used to project the mirror from the substrate and joule heating is used to deflect two
of the four legs. The results are shown in Figure 5.6.
The simulations depict the corresponding temperature change upon applying a
voltage across two of the bimorph legs. The intent is to show the spring deformations
as a function of actuation level. The actuation bias is shown at the top of each figure
as Vb(i) = 0.0 − 0.18 V. The integer is an index based on the number of iterations
within the simulation. Not all bias results are shown in the interest of space. It is
obvious from the simulations and SEM image that the effective spring constants will
not be symmetric along the two axes.
5.3.2 Electronics and Readout System
Now that a driving scheme has been determined, a method to extract information
from each frequency sweep must be designed. An overview of the measurement
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Figure 5.6: FEM simulations of spring deformations using joule heat-
ing to heat only one axial leg pair.
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P(t) = P0 +Pa(    )sin(ωt)cos(ωt)
P(t) = Pt
Micromirror
Laser Diode
PSD Σ X - Signal Output
Σ Y - Signal Output
∆X - Signal Output
∆Y - Signal Output
Oscilloscope Channels
∆X /Σ Xavg
∆Y /Σ Yavg
X(t) = X0cos(ωt)
Y(t) =Y0cos(ωt+φ)
θ(t)
∠θ(t)
Figure 5.7: The frequency response is measured using a differential
current bias output corresponding to a specified DC power amplitude
and a tuning power offset to the bimorph legs driving the opposite
axis. The reflection from the mirror is recorded by reading the output
of a PSD over multiple periods and converting the cartesian coordinate
into two angles.
flow is outline in Figure 5.7. The input forces (electrical powers) are as described
in Section 5.3.1 where all inputs are current sources by design. The differential
drive output is maintained exactly out of phase at the source. Assuming symmetric
frequency dependent thermal response, the two harmonic signals shall remain out of
phase.
A laser diode is focused on the mirror, incident at 45° and reflected at 90° onto
a two-dimensional PSD. The PSD is formed from two photoelectric sheets which
are differentially biased. The current at either side of both sheets is proportional to
the optical intensity when added together. When subtracted so as to measure the
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difference in current leading into each electrode, the difference is proportional to the
relative position along the axis to which the electrode belongs. Thus, by measuring
the total current and difference between the top/bottom or left/right electrodes a
fractional position of the reflected beam is measured. Since the dimensions of the
active region of the PSD are known, the actual distance is given as the fractional
distance multiplied by half of the dimension (because of the differential bias). Based
on the known distance from the mirror to the detector, and now a known position
as function of time, the angular deflection can be measured.
For a two dimensional measurement, it is important to measure all four values
simultaneously so that each measured point on the x-y plane of the PSD can be used
to calculate the angle. If the direction of the deflection is constant at any angle such
that the scan is a perfect line, the phase difference between the x- and y- signals is
exactly zero. For this measurement only, the AC amplitudes of each independent
axis can be measured and combined.
Conversely, most of the measurements within this experiment require point by
point evaluation in order to determine the magnitude of the angle as a function of
time. Figure 5.8 shows two parametric plots of harmonic signals given as
X(t) = X0 cos (ωt)
Y (t) = Y0 cos (ωt+ φ) (5.9)
The Lissajous curves corresponding to each phase are identical to the reflection
shapes of the mirror at various frequencies, offset powers, and tuning powers. As
each frequency sweep is performed, the output of the PSD is continuously measured
by directly reading out the oscilloscope probes into LabVIEW. By recording the time
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Figure 5.8: Parametric plot of two harmonic signals with equal am-
plitudes (top) and with X0 =
1
2
Y0 (bottom) for various phase differ-
ences, φ.
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Figure 5.9: The parametric plot (a) is an example of the signal where
(b) is the corresponding angle magnitude (shown in red).
the frequency sweep is triggered and all times following at which the measurement
took place, the corresponding frequency is determined. The X and Y coordinates
are converted piece-wise into angles while the relative phase between the two signals,
φ records the measure of the eccentricity of each rotation. From this, the magnitude
of the angle as a function of time is determined and the maximum and minimum
angle magnitudes yield the major and minor axis at each frequency.
Figure 5.9 shows an example of a signal normalized to the unit circle where the
phase difference between the X and Y signals is pi/3. The corresponding angle
magnitude is shown in b) in red. At each frequency, the maximum and minimum
angles are recorded which provides the overall mode shape at intervals of a few
Hz. The dominant, or principal, mode is defined as the mode corresponding to the
maximum angle magnitude. The ratio of the X and Y signal amplitudes provides
the direction of the dominant mode. By symmetry, the direction of the secondary
mode is perpendicular to the dominant mode.
In the following sections, the measurements outlined here will be inspected.
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Figure 5.10: Frequency response of the degenerate tip and tilt mode
at low amplitude and offset powers.
5.4 Results Due to a Differential Perturbative Sinusoidal
Voltage Bias
The overall electro-thermo-mechanical response at first is measured at low, equal
offset and tuning powers near the expected frequency of the tip and tilt modes. The
results of the low amplitude and low offset powers are shown in Figure 5.10. The
resonant frequency for the degenerate modes is determined by fitting the Lorentzian
function in Equation (5.3). The frequency is determined to be 1.479 kHz and the
quality factor to be 48.
The lowest resonance is usually between 700 Hz and 1 kHz where the location is
dependent on both the mechanical design and tunable physical parameters. In the
low drive amplitude measurements, the piston resonance is not distinguishable from
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the noise.
For a very low drive amplitude, the assumption in the fitting function was a
constant offset from zero amplitude. However, at larger amplitudes, the frequency
response has an obvious thermal component. In order to ensure the frequency and
amplitude measurements of the parameters (frequency, quality factor, amplitude)
are not dependent on the thermal response, the thermal portion must be modeled
and removed.
Treating the thermal response as a direct transfer function implies assuming the
average temperature change is proportional to the average electrical power dissipated.
This leads to a first order model of the mechanical response using the function
GT (s) =
1
1 + τs
(5.10)
where τ is the thermal time constant and s is the standard variable in Laplacian
transforms s = iω. Figure 5.11 shows the magnitude of the maximum angle as a
function of low frequencies. The red line shows the fit to the first order transfer
function above with the 90% confidence interval.
At moderate frequencies, the single pole fit tends to diverge from the data. Men-
tioned in Section 5.2, a two pole transfer function with one zero is used in [87] to
improve a fit to the thermo-mechanical response of a 1D micromirror. As is seen in
Figure 5.12, the same is true for the system described in this thesis. In that case,
the transfer function is:
G(s) =
(s− z0)
(s− p˜0)(s− p˜1) (5.11)
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Figure 5.11: Maximum angle magnitude fitted with a single pole
transfer function corresponding to a linear temperature dependence.
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Figure 5.12: Two pole transfer function fit to the low frequency
response of the mirror under test.
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Figure 5.13: The magnitude of the total transfer function calculated
in Mathematica.
The fit to the mechanical response consistently yields the following parameters:
z0 ≈ 250 Hz
p˜0 ≈ 80 Hz
p˜1 ≥ 1400 Hz
Although the transfer function has a large gradient at low frequencies, at frequencies
above approximately 1 kHz the vertical shift is negligible. Between 1.3 kHz and 1.7
kHz the variation is less than 3%. Thus, at frequencies much greater than the thermal
bandwidth the transfer function is approximated to be independent of frequency.
This can be seen in the plot of the model in Figure 5.13, with Θ(s) defined as the
Lorentzian transfer function.
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5.5 Separation of Degenerate Modes
Now that a full understanding of how to remove thermal effects from the frequency
response is secured, the full range of possible responses can be measured. Each
frequency response is obtained by iterating through offset and tuning powers, Poffset
and Ptuning. A list of required powers and the current required to obtain them
is imported into LabVIEW. The current peak-to-peak amplitude is calculated for a
1 mW peak-to-peak power around the offset. Each offset will have a different current
amplitude corresponding to 1 mW - an artifact of the non-ohmic response. This is
converted to a voltage bias based on the series resistance delivered to the device.
The magnitude of the maximum angle, or the angle corresponding to the domi-
nant resonance mode, at each point is calculated. Figure 5.14 shows the frequency
measurements near the tip and tilt resonance peaks fitted with two Lorentzian func-
tions. From the figure, it is clear that the modes which were originally overlapping
(left, top) separate so that the dominant modes shift into individual peaks (right,
top). The separation is due to the strain induced in the serpentine springs shown in
the FEM simulations below each the resonance fit curves. The temperature may also
shift the resonance slightly by adding a term to the temperature dependent Young’s
Modulus. However, this effect is likely significantly less than is shown here and would
not account for this level of degeneracy lifting.
Furthermore, the tunability is continuous because of the analog nature of the
tuning and offset powers. The experiment is run to sweep in integer intervals for
every combination of Poffset andPtuning for 5 mW ≤ Poffset ≤ 16 mW and 5 mW ≤
Ptuning ≤ 16 mW. As the powers are swept, the frequency response shifts so the point
of degeneracy occurs near where the powers are equal. This is to be expected − the
degeneracy requires symmetry.
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Figure 5.14: Lorentzian fits to the magnitude of the dominant res-
onance angle for (left) equal offset and tuning powers and (right) dif-
ferent offset and tuning powers. The FEM simulations below show
the strain on the springs based on the offset and tuning powers. The
simulations also contain information about the temperature.
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Contour plots showing each frequency sweep for a given Poffset are shown in
Figure 5.15. The color represents the magnitude of the dominant resonance, the
horizontal scale is the frequency value, and the vertical scale is the tuning power.
For low offset powers, the point of degeneracy is at the same tuning power. As the
tuning power is shifted further from the offset power, the separation of the modes
grow. From these, it is clear the shift to low frequency occurs at a greater rate than
the opposite mode shift toward high frequency.
In the interest of understanding how these modes shift as a function of the off-
set and tuning powers, the frequencies obtained by fitting the magnitudes to two
Lorentzian peaks are tracked. Furthermore, the direction can be extrapolated from
the relative amplitudes of the X and Y signals (bottom of Figure 5.8) while the
quadrant is determined by the polarization of φ. A standardization is adopted to
index the peaks and is defined by the mode shape. Let us define the primary mode
as the mode with polarization φ < pi
2
when the resonance frequency is below the de-
generacy point and the secondary when the polarization φ > pi
2
when the frequency
is below the degeneracy point. This defines the modes, not by direction, but by the
axis (set of springs) of rotation.
Based on the assumption of polarization for the primary peak and secondary
peaks, the frequencies are plotted in Figure 5.16. The primary peak (Peak A) has
a wide frequency spread and continuously increases with Poffset for a given Ptuning
and decreases with increasing Ptuning for a given Poffset. In contrast, the secondary
peak performs in the exact opposite manner.
Physically, the strain in the springs should be exactly the same for flipped Ptuning
and Poffset values but with the polarization flipped about φ =
pi
2
. In other words, by
symmetry, the frequency dependence should be obvious when plotting the primary
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Figure 5.15: Magnitude of the dominant resonance angle as a func-
tion of frequency and tuning power is shown for various offset powers.
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Figure 5.16: Resonant frequency values for the primary (A) peaks
and the secondary (B) peaks as the tuning and offset powers are varied.
and secondary frequency values against the difference in the offset and tuning powers.
Figure 5.17 demonstrates the validity of the previous statement. While there is
some spread in the frequency values, the overall variation is clear. The primary
resonance begins at low frequency and increases as the the difference (defined by
∆P = Ptuning − Poffset) increases in value. While the secondary resonance is the
mirror image about ∆P = −0.7 mW.
The offset in the point of symmetry may be due to self annealing, but it is
most likely due to the root-mean-square (rms) temperature at high frequencies. The
thermal filter implies the oscillations in temperature due to an input current will be
offset by the rms temperature for periods much less than the thermal time constant.
The symmetry, once again, in Figure 5.17 is the motivation for an inspection
of the difference between the primary and secondary resonance peaks. The spread
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Figure 5.17: Primary (green) and secondary (blue) resonance fre-
quencies as a function of ∆P
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Figure 5.18: The difference between the primary and secondary res-
onance frequencies ∆f as a function of ∆P .
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in the frequencies can be accounted for by the overall spring constant decreasing
as the total power increases. In effect, the total tension and thus the degeneracy
point will shift as the average total power is increased. By subtracting the primary
and secondary resonance measurements for each ∆P , the overall reduction in spring
tension is removed from the results. Figure 5.18 shows a plot of ∆f = fPrimary −
fSecondary as a function of ∆P for each of the fitted peaks. A clear pattern emerges
showing the spread of the primary and secondary resonance modes falls perfectly in
line regardless of the average total power or degeneracy point for the given power
scheme.
5.6 Impacts of Degenerate Mode Coupling
The amount of energy transferred to the degenerate mode can be determined by the
relative phase between perpendicular coordinate signals. As the phase difference,
φ, between the X and Y signals approaches pi/2, the coupling coefficient is at a
maximum. Figure 5.8 (top) shows the deflection pattern for varying φ. The time de-
pendent deflection is circular in shape when the two modes are coupled and stretches
as the resonances separate and φ approaches zero.
The spike near ∆f = 0 kHz is likely due to max and min vectors being approxi-
mately the same size (circular shape rather than oval). The oscillations in the angle
are small enough to be indistinguishable. Thus, distinguishing between the primary
and secondary resonance frequency as they grow closer to degeneracy.
To remedy the error introduced by the choice of primary and secondary peaks,
the absolute value of the difference in phase for the two peaks is calculated, where
∆φ = |φPrimary − φSecondary|. The result is then plotted against the difference in
frequency (shown in Figure 5.20). The implications of the difference in phase are in
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Figure 5.19: Relative phase φ between the X and Y signals measured
for the primary (green) and secondary (blue) as a function of ∆f .
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Figure 5.20: Absolute value of the difference in phase measured at
the primary and secondary resonance frequencies plotted against the
difference in frequency.
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the physical interpretation of φ. Since the phase difference ultimately represents the
coupling between the primary and secondary modes, a set of offset and tuning powers
can be chosen to shift the frequencies and simultaneously lift or permit degeneracy.
5.7 Conclusion
This chapter outlines the frequency response of a damped, driven harmonic oscillator
for a sinusoidal input force. The device is modeled in COMSOL Multiphysics® to
approximate the mechanical resonance frequency mode shape for piston and tip/tilt
degenerate eigenmodes. This leads into a discussion of the thermo-mechanical in-
terdependence for the overall response. At low current amplitudes, the quadratic
dependence of the power on current has little effect as long as the amplitude of
oscillation is much less than the DC current offset. Taking into account the ther-
mal frequency response, at frequencies near the mechanical resonances the quadratic
effect effectively goes to zero.
A series of frequency sweeps show the separation of degenerate modes is substan-
tial and can be tuned by shifting the relative powers in the bimorph legs. From this
set of data, a clear pattern emerges in both the frequency values and the overall cou-
pling between the two modes. While a standard zero vibration control system will
not work for this device, the predictive tunability opens up an entirely new domain
for control algorithms.
Scanning micromirrors used in displays [92, 93] or lighting applications [94, 95]
may benefit from linearization [96] in order to provide better uniformity without
stroboscopic illumination. The tunable nature of the device described here allows
the overall response to be optimized for the use. It is possible to provide de-speckled
laser illumination without altering the source [97] using angular diversity from a
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MEMS mirror [94, 95]. Similar results from a piezoelectric shaker show vibration
can reduce speckle considerably [98]. In addition to providing the motion required
to reduce speckle, the large range of the micromirror in this thesis can provide a
significant deflection range by superimposing the static and dynamic responses.
Chapter 6
Implementation in Optical Wireless
Communications
One application for this device is in smart lighting. MEMS can be integrated with
solid state lighting to enable complete control over the flux and the chromaticity of
a lighting fixture [99]. This would include SSL in the form of LEDs but are also
well suited for SSL based on laser diode (LD) and superluminescent diode (SLED)
sources. Laser and SLED sources have an emission that is usually on the order of
3µm wide whereas the typical high brightness LED chip is close to 1 mm wide. While
the divergence of a LD or SLED will depend on the wavelength, on average one can
assume a divergence of less than 30°. The coupling optics are therefore relatively
simple imaging optics when using a LD/SLED source.
A subset of the smart lighting applications includes MEMS in optical commu-
nication systems. Brandl et al. used a combination of macroscopic adaptive optics
and a scanning micromirror to increase the signal to noise ratio in an optical wireless
communications (OWC) setup [100]. The mirror in this thesis eliminates the need
for additional mechanized optics to provide fully integrated directional light.
By direct modulation of a laser system, light can be used as a medium for commu-
nications. A preliminary system was implemented for the integration of directional
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communications and tunable illumination. Next generation communications systems
are moving toward synergistic dual use regimes in which personal access points are
sourced from existing architectures. Optical wireless communications (OWC) has
the capacity to introduce small cell, user specific data links. The introduction of
steerable OWC pushes the envelope in transforming communications toward high
data rates and low signal interference while accommodating user mobility.
A laser diode, focused and directed toward the micromirror, is modulated using
On-off keying (OOK) at 20 Mb/s using a 10 MHz square wave. However, data rates
on the order of Gb/s have been obtained by direct modulation of laser diodes [101,
102, 103]. Since the interest here is solely in the signal quality based on beam shape
and direction, lower data rates are acceptable and can be improved upon with a high
speed source.
The modulated signal that is reflected from the micromirror is detected using
an avalanche photodiode (APD)at a distance of 3 m from the micromirror. Upon
reflection from the micromirror, the divergence of the light can be tuned anywhere
from 20° to a collimated source and steered along two axes up to ±30°. Thus, the
range in signal strength is highly dependent on the focal length and direction of the
mirror. At a minimum, the signal is below the noise level but by directing the signal
toward the detector and optimizing the focal length of the mirror, the system can
improve the signal-to-noise ratio (SNR) by more than 30 dB with the use of a diffuser
and more than 75 dB as a direct signal.
6.1 Defining SNR and BER
The signal strength is analyzed by calculating the peak-to-peak optical power (Pp−p).
Using Pp−p is advantageous because in optical communication systems, there often
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exists a DC component in the signal that does not contribute to the signal (ambient
noise, for example). The analysis is also performed assuming that the noise is additive
white Gaussian noise (AWGN). In particular, the total noise is approximately given
by the sum of the shot noise variance, σ2sh, and the thermal noise variance, σ
2
th.
Thus the total noise variance is written as the sum of the two dominant terms,
σ2 = σ2sh + σ
2
th [104]. This assumption is not necessarily true for very large signals.
The preliminary results likely are made up of additional noise components but, in
this discussion, the exact origin of the noise is not clear. However, for a diffuse
source, the noise can be assumed primarily made up of thermal noise and shot noise.
In an OOK scheme, the SNR is defined to be proportional to the received optical
power amplitude. In this case, the optical power amplitude is calculated based on
the receiver gain and responsivity. The SNR is then written as SNRp−p =
Pp−p
σ
or
in dB:
SNRp−p [dB] = 20 · log
(
Pp−p
σ
)
(6.1)
where σ is the standard deviation of the noise signal. From the SNR, the probability
of obtaining an erroneous signal can be extracted based on Gaussian statistics. As
such, the bit error rate (BER) for an OOK signal is defined by BER = Q(SNRp−p)
where Q(x) is given as:
Q(x) =
1√
2pi
∫ ∞
x
e−t
2/2dt (6.2)
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6.2 Results
6.2.1 Measurement Setup
A square wave input function modulated at 10 MHz is used to drive the laser. A
DC bias is added in order to provide symmetric bias current nearing the threshold
current. Directly in line with the laser diode is a collimating lens followed by an
adjustable iris. The function of the iris is primarily to reduce internal reflections
from the diode cavity from being directed toward the MEMS system. A focusing
lens immediately follows the iris and focuses the light passing through the iris onto
the mirror.
The MEMS device is mounted on a standard 16 pin dual-inline package which
is oriented at a 45° angle with respect to the incoming beam. The reference bias
is held at 1.5 V corresponding to a 31 mA forward current, just above the lasing
threshold. The laser used is capable of providing up to 50 mW but the maximum
intensity is not desired for this use. The average total optical intensity is kept near
the threshold in order to remain eye safe. The modulation depth is also relatively
low because large modulation depths will saturate the photodetector used in this
experiment. The preliminary measurements in the next section 6.2.2 describe the
results when using a larger maximum optical power.
Signal power is shown to improve by a factor of four for a low intensity diffuse
signal. When the signal is not first passed through a diffuser, the power can be
improved by a factor of 15. However, a factor of 15 improvement in signal comes
with penalties in SNR.
The state of the micromirror is given in terms of the mirror voltage (in the legend
and varies from 0 V to 15 V) which increases with increasing focal length [44]. When
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Figure 6.1: Signal-to-noise ratio (a) for a mirror with a divergent
reflected beam (Mirror: 0 V) and for the mirror when the beam is
approximately collimated (Mirror: 15 V) as a function of effective
beam direction. The significant drop in SNR for a collimated beam is
due to a substantial increase in the noise (b).
the mirror is at 0 V, the focal length is approximately f ≈ −1 mm leading to a
divergent beam. When the voltage is at 15 V, the focal length is set such that the
outgoing beam is effectively collimated. Similarly, the beam direction is proportional
to the square of the current (θ ∝ Pmir ∝ I2mirRmir) and is written as such in all plots.
6.2.2 Preliminary Measurements
Preliminary measurements demonstrate an improvement in SNR from 20 dB to 97 dB
when the mirror is effectively flattened so the reflected light is close to collimated.
However, this improvement is at the maximum optical power threshold for the pho-
todetector. The penalty for operating at the power density required to obtain 97 dB
SNR is an increase in noise levels. Figure 6.1 shows the enhanced SNR as a function
of the beam direction.
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Figure 6.2: Total optical power received by the photodetector as the
mirror is deflected measured for both a divergent and a collimated
beam.
Between I2mir = 1500 mA
2 and I2mir = 1800 mA
2 the detector saturated (Figure
6.2). As a result, the SNR at these points are not a good measure of signal quality
but the overall maximum amplitude improvement from beamshaping (i.e. changing
the focal length of the mirror) is clear.
Another issue with the direct line measurements are blackout spots. The release
holes in the mirror segments can be seen as dark circles where there is a void in the
reflection. Each of the holes and corresponding interference patterns can be seen in
the reflected light. As the reflection is swept across the detector, blackout spots can
be seen where the signal power suddenly drops (Figure 6.2).
Using a 10 Mb/s pseudo-random binary sequence (PRBS) signal, eye diagrams
for the same type of setup are shown in Figure 6.3. The leftmost diagram is the
signal for a divergent beam prior to redirecting the signal toward the detector. The
second is the best signal obtained by collimating the beam and redirecting just before
saturating the signal. The opening is drastically shifted upon optimizing the beam
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Figure 6.3: Eye diagrams for a poorly aligned system (left) and opti-
mally aligned system (right) just before saturation of the photodiode.
shape and direction. The exact culprit responsible for the noise amplification is likely
an artifact of the saturation limit in the photodetector and an investigation into this
is left for future work. Instead, a lower optical power is used in conjunction with a
diffusive element to reduce the total optical power detected by the sensor.
6.2.3 Diffuse Signals
The diffuser inserted to measure low optical power signals has two functions. The
first is to reduce the level of contrast in the mirror image to smooth the transitions
across the release holes and interference patterns. The second is to decrease the
optical power density on average. In effect, the diffuser shifts the range in divergence
of the beam so the variable focus will still control the power density but with an
initial offset to prevent collimated light from reaching the detector.
Figure 6.4(a) depicts the optical power measured by the photodiode as a function
of the effective direction. The blackout areas are now smoothed over as is expected
when using the diffuser to reduce the projected image of the mirror. In addition, the
photodetector is far from saturation and the noise 6.4(b) as a function of direction
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Figure 6.4: Optical power incident on the photodiode (a) is shown as
a function of the effective direction of the signal for a series of mirror
focal lengths. In (b) the total noise is reduced in comparison to the
values in the preliminary data.
is much less erratic. While the signal enhancement is not as notable as in the
preliminary work, the results seem to be more reliable and less dependent on the
signal itself.
Eye diagrams in Figure 6.5 show the eye opening from a diffuse signal without
direction (a) to a narrow beam incident on the diffuser directed at the detector (b).
These are data from a square wave that are pulled from the oscilloscope rather than
an image of the oscilloscope panel itself.
Since the noise level does not vary as significantly as shown in Figure 6.1(b), the
SNR shown in Figure 6.6(a) steadily rises as the signal is directed toward to the
detector. The gradient in SNR is largest when the mirror is flattened and peaks
at approximately 65 dB. When the mirror is left divergent but still directed toward
the detector, the SNR drops to 40 dB. When the signal is pointed away from the
detector,
(
I2mir = 3600 mA
2
)
, the SNR drops to 35 dB regardless of the curvature of
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Figure 6.5: Eye diagrams for an indirect signal with a divergent beam
incident on the diffuser (a) and for a direct line signal with a collimated
beam incident on the diffuser (b).
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Figure 6.6: The SNR improves as the beam direction is shifted toward
the detector. The improvement is accentuated by increasing the focal
length of the mirror. This is shown in the case of symbol independent
noise (a) and assuming the noise is always given by σ1 (b).
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the mirror. The baseline is an artifact of the final direction of the mirror relative to
the detector position and will continue to decrease if the mirror current is increased
further.
In order to obtain a worst case SNR, a second ratio is derived based on the
noise at the peak amplitude. As described in Section 6.1, for large optical powers
the shot noise component may increase such that the noise is symbol dependent.
Thus, for a square wave the noise will always be greater during the half of the period
corresponding to a high measurement. By assuming the noise is always given by
the shot noise dominant component, the SNR is defined by SNRpp,wc =
Ppp
σ1
rather
than by the average noise variance SNRpp =
Ppp√
1
2(σ21+σ20)
. As a result, the SNR is
unchanged for a wide beam angle (Mirror: 0 V) but drops by 4 dB for a collimated
beam incident on a diffuser (Mirror: 15 V). The overall shift is plotted in Figure
6.6(b).
Chapter 7
Conclusions and Future Work
In this thesis, a micromirror design is explored that utilizes large deflection elec-
trothermal actuators for beam steering and for beam shaping. It is unique in its
ability to perform both functions simultaneously at low voltages. Other varifocal
mirrors exist that incorporate beam steering and shaping but are limited in focal
and steering ranges and require high voltage sources to operate [7]. Other designs
include the addition of microlenses after fabrication of the MEMS component [105].
The electrothermal vertical actuators are outlined in the second chapter. The
projection of such actuators is written in terms of the in-plane stresses in a composite
beam. The initial deflection is shown to be parabolic which is ideal for an optical
system for minimal aberrations. The temperature distribution due to joule heating is
derived along a U-beam. Similarly, the deflection due to joule heating is derived and
shown to agree with finite element method simulations. To reiterate, the deflection
of a U-beam based on the MEMSCAP PolyMUMPs process is measured using the
joule heating technique described previously as well as with a secondary serpentine
heater.
In the third chapter, the mirror structure is described in detail. The overall
shape is shown to depend on the release hole placement including the deflection and
aberration components. These are measured using the Zernike polynomials based on
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interferometric measurements. The focal length is shown to be linearly proportional
to the electrical power dissipated within the heaters at the base of the mirror. The
entire design is then introduced following the overview of both vertical actuators and
mirror segments. The actuation technique is given in the form of a schematic and
the performance of the angular deflection of the mirror is examined.
Following the overview of the mirror design and range for a few design variations,
the thermal response time is characterized. This is performed based on the average
temperature distribution along the vertical thermal actuators. The heat equation
derivation of the thermal time constant is shown to agree with experimental mea-
surements based on a positive coefficient of resistivity. The mechanical response is
measured and two mechanisms for reducing the settling time are demonstrated. The
first uses the thermal time constant to effectively smooth the response while the
second is a zero vibration technique developed in the late 1980s.
Results from the zero vibration technique showed a shift in mechanical resonance
depending on the initial and final positions. In order to account for the shift in
frequencies, the frequency response is characterized for the device. The response is
shown to depend on the relative strain in the serpentine springs that connect the
mirror platform to the vertical U-beam actuators. The mode shape is also dependent
on the relative strain in the springs and is measured as a function of frequency and
dissipated electrical power.
Understanding the mechanics surrounding such a flexible device is important
when using such a system for applications such as in adaptive lighting fixtures and
optical wireless communication systems. In order to provide comfortable illumina-
tion, the device must respond much faster than the response time of the human
eye. The average person can perceive shifts in illumination occurring on time scales
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around 30 ms. The device is shown to respond almost an order of magnitude faster,
with responses nearing 4 ms. However, communications systems will push the limit
on the response time. Visible light communications is now capable of providing data
in the GHz range. The last chapter shows how signal quality can be improved by
using the micromirror studied within this thesis to optimize the direction and shape
of the optical signal. The signal to noise ratio is shown to improve by 30 dB with
the use of a diffuser and laser diode modulated at 20 Mb/s.
7.1 Future Directions
Optical microelectromechanical systems provide flexibility in imaging across an array
of uses. They have been shown to enable enhanced images in astronomy [106] and are
enabling the miniaturization of medical imaging devices [107]. Digital and pixelated
MEMS are widespread in projection systems [108] and are gaining momentum as in
the form of individual scanning micromirror systems [92]. Even still, the realization
of non-specialized functionality did not occur until very recently [44].
A proof of concept color tunable fixture utilizing the micromirror exists and
demonstrates the range of uses. The fixture is driven using a completely digital con-
struct based on pulse width modulation and results from the thermal response time.
The full description of the fixture is beyond the scope of this thesis but it may provide
an entry point for micromirrors in adaptive illumination systems. Additionally, the
mirror can be coupled to LEDs and has been demonstrated. The overall coupling
efficiency for an LED/micromirror system leaves room for improvement but is a step
in the right direction.
The advancement of solid state lighting is guaranteeing a space for personalized
illumination. With increasing energy efficiency, LED and laser sources are shaping
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a new era of lighting design in which the user can dictate the color and distribution
without compromising on energy demands. Tsao et al. proposed that directional
lighting will be a standard in the coming years [99]. Optical MEMS that consume
minimal electrical power and provide significant adaptability both in directionality
and in the overall intensity distribution have the ability to play a large role in the
next iteration of lighting and standards.
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